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Description 

Technical Field of tha Im/antjr^ 

The irwerrtion relates to the identification of a novel protease catalytic active site and methods for enabling the 
design and selector, of inhibitors of proteases, esterases, ligases and other hydrolases with that active site. 

Background nf tha Inyaptjon 

Herpesviridae is a family of envelope DNA viruses comprising three subfamilies, alpha, beta and gamma herpes- 
vir.dae. The alpha subfamily includes herpes simplex virus (HSV) 1 and 2, and varicella zoster virus (VZV) The beta 
subfamily includes cytomegalovirus (CMV) and human herpes virus 6 (HHV-6) and human herpes virus 7 (HHV-7) The 
gamma subfamily includes Epstein-Barr virus (EBV)and human herpes virus (HHV-8). 

The human herpes viruses are responsible for a variety of disease states from sub-dinical infections to fatal ds- 
ease states in the immunocompromised. As one example, VZV is known to cause a number of serious diseases- chiek- 
enpox. shingles and post-herpetjc neuralgia [S. Straus. Ann. Neurol, 35:S1 1-S12 (1994)]. As another example HSV-1 
is acquired in childhood when it causes a self -limiting gingivostomatitis. The virus remains latent in the dorsal root gan- 
glia and is reactivated later in life as cold sores in about one third of the population. HSV-1 is also a cause of keratitis 
resulting in more than 300,000 cases per year in the US. HSV-2 is usually acquired through sexual contact and gives' 
rise to genfctf herpes. Human CMV is a ubiquitous opportunistic pathogen tiiat can result in life threatening infections 
in congenitally infected infants, immunocompromised individuals and immunosuppressed cancer and transplant 
patients. 

, c i Ea ! h o 0, ^ ese membere * * e herpes " TUS ,amilies encodes a serine protease that is essential for its replication 
« d W0 '' 65:5149 " 5156 < 1991 ) 0* D; F. Liu & B. Roizman, Proc. Natl. Acad. Sci. 89: 2076-2080 

,25 u » ^ ROizn,aa J - Vif01 - 67 1300 " 1309 < 1993 ) (U" MO: A. R. Welch etal., J. Virol, 67: 7360-7372 
S ^ J J'- E - Z Baum 6tal - d Viml - 67: 497 - 506 < 1993 > : J " T St * ens eta > - E " r - J- Biochem., 226: 361*67 
(1994); A. R. Welch etal.. J. Virol., 69: 341-347 (1993) (Welch II); D. L Hall & P. L Darke. J. Biol. Chem 270 22697- 
22700 (1995); Weinheimer etal., J. Virol., 67: 5813-5822 (1993); M. Gao etal., J. Virol. 68- 3702-3712'(1994)- C L 
US?™ 8 '- J ',«' b i 9^ 268: 25449 - 25454 ( 1993 ) (Dilanni 0: C L Dilanni etal., J. Biol. Chem. 269: 12672-12676 
0994) (Mam IQ: P. J. McCann III et a!.. J. Virol.. 68: 526-529 (1994)]. These proteases each provide a potential target 
for therapeutic intervention. ^ a 

The proteases from these viruses are encoded as precursor proteins that catalyze their own cleavage to produce 
an N-terminal domain of approximately 28 kDa having full or increased catalytic activity. These protease domains show 
some degree of sequence homology - 20% to 40% identity between members of different subfamilies and as high as 
90% identity within each subfamily. They show little sequence homology to any other known protein, including the 
absence of the conserved G-X-S/C-G-G [SEQ ID NO: 12] for chymotrypsin-like and G-T-S-M/A [SEQ ID NO- 131 for 
subtJlisin-like proteases. The known herpes virus proteases all cleave a peptide bond between an alanine and a serine 
but their substrate specificity beyond the scissile bond are different [A Welch et al., J. Virol. 69, 341 -347 (1 993)] 

Each known serine protease has its characteristic set of functional amino acid residues arranged in a particular 
three dimensional configuration to form an active site. Knowledge of the active site of such proteases and their three 
dimensional structure permits the use of methods of structure-based drug design to identify and develop inhibitors of 
^f 1 ! 8 568 1 VerBnde and W Ho1, stnj <*ure, 2:577-587 (July 1994): I. D. Kurtz. Science. 257:1078-1082 (August 
1992)]. Because the proteolytic activity of the herpesvirus-encoded protease plays an essential role in virus capsid mat- 
uration, inhibitors of the protease would thus inhibit infectious virus particle formation and thereby exert an antiviral 
action. For serine proteases of which trypsin is a protype, the active site is formed by Ser. His and Asp [H Neurath 
Science, 224: 350-357 (April 1984)]. These three residues are known as the catalytic triad. 

There is a need in the art for novel protease active sites and catalytic sequences to enable identification and struc- 
ture-based design of protease inhibitors, which are useful in the treatment or prophylaxis of viral diseases caused by 
viruses of the herpes family, as well as other diseases in which the target enzyme may share catalytic domains with 
so those of the herpes family. 

Summary nf tha In^ftntiffll 

The present invention provides novel herpes protease crystalline forms. In one aspect, the present invention pro- 
vides hganded and unliganded herpes HSV-2 protease. HSV-1 protease. CMV protease, and VZV protease crystalline 
forms, each of which is characterized by a three dimensional catalytic site formed by the three amino acid residues Ser 
His, and His. 

In another aspect, the present invention provides novel HSV-1 and HSV-2 protease compositions characterized by 
a three dimensional catalytic site of the seven amino acid residues, Ser 129. His 61. His 148. Ser 131. Cys 152. Arg 
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156, and Arg 157 of SEQ ID NOS: 3 and 4. 

In still another aspect the present invention provides a novel unliganded HSV-2 protease composition character- 
ized by a three dimensional catalytic site of the seven amino acids identified above, and further containing amino acid 
residues Leu 27, Val 128, and Leu 130 of SEQ ID NO: 4, and optionally two water molecules Wat1 and Wat2 which are 
present in the liganded form. 

In yet another aspect, the present invention provides an HSV-2 protease having an active site characterized by the 
coordinates selected from the group consisting of the coordinates of Figures 2 and 3. the coordinates of Figures 8 and 
9, and the coordinates of figures 1 1 and 12. In another aspect, the present invention provides an HSV-2 protease hav- 
ing an active site characterized by the coordinates selected from the group consisting of the coordinates of Figures 4 
and 5. the coordinates of Rgures 8 and 9. the coordinates of Figures 1 1 and 12, and the coordinates of Figures 14 and 
1 5. 

In yet a further aspect the present invention provides a novel HSV-1 protease composition characterized by a three 
dimensional catalytic site of Ser 129, His 61, His 148, Ala 131, Cys 152, Arg 156 and Arg 157 [SEQ ID NO- 3] In one 
embodiment, this HSV-1 protease has an active site characterized by the coordinates selected from the group consist- 
ing of the coordinates of Figure 6 or Figure 7, the coordinates of Figure 10, and the coordinates of Figure 16 

In still another aspect the present invention provides a novel CM V protease composition characterized by a three 
dimensional catalytic site of four amino acid residues, Ser, His, His, and Asp. In one embodiment the CMV protease 
active site is formed by at least the amino acids Ser 132, His 63, His 157, Asp 65. Cys 161 and Ser 134 In another 
embodiment, the CMV protease active site further contains at least one amino acid selected the group consisting of Arg 
165 and Arg 166. Desirably, the CMV protease active site is characterized by the coordinates selected from the group 
consisting of Figure 17 or Figure 21, the coordinates of Figure 18 and the coordinates of Figure 20. 

In yet another aspect the present invention provides a novel CMV protease composition characterized by a three 
dimensional catalytic site of nine amino acid residues, Ser 132, His 63, His 157, Asp 65, Ser 134 Cys 161 Aro 165 
Arg 166 and Asn 60. 

In yet another aspect the present invention provides a novel VZV protease composition characterized by a three 
dimensional catalytic site of four amino acid residues of SEQ ID NO: 5: Ser 1 20, His 52, His 1 39, and Lys 54 In another 
aspect, the VZV protease has a catalytic site which includes the four amino acids aidentified above and Ser 122 Cys 
143, Arg 147 and Arg 148. In one embodiment, the VZV protease active site is characterized by the coordinates 
selected from the group consisting of Figure 22 or Figure 23, the coordinates of Figure 24 and the coordinates of Figure 
26. 

In another aspect, the present invention provides a heavy atom derivative of a herpes virus protease crystal where 
the herpes virus protease is HSV1 , HSV2, CMV, or VZV. 

In a further aspect, the invention provides a method for identifying inhibitors of the compositions described above 
which methods involve the steps of: providing the coordinates of a protease structure of the invention to a computerized 
modeling system; identifying compounds which will bind to this structure; and screening the compounds or analogs 
derived therefrom identified for protease inhibitory bioactivity. In one embodiment of this aspect, the inhibitor binds to 
the dimeric interface of the protease molecule, or fragment thereof, of the invention. 

In yet a further aspect the present invention provides for an inhibitor of the catalytic activity of any composition 
bearing a catalytic domain described above. Desirably, the inhibitor disrupts the ability of the protease molecule to form 
a dimer. 

Another aspect of this invention includes machine readable media encoded with data representing the coordinates 
of the 3D structure of a protease crystal of the invention, or of a catalytic site domain thereof. 

In yet another aspect the invention provides a computer controlled method for designing a ligand capable of bind- 
ing to the active site domain of a herpes protease involving the steps of providing a model of the crystal structure of the 
active site domain of a herpes protease, analyzing the model to design a ligand which binds to the active site domain 
and determining the effect of the ligand on the active site. 

Other aspects and advantages of the present invention are descrfoed further in the following detailed description 
of the preferred embodiments thereof. 



Brief Descri ption of the Dffl wing$ 

Fig. 1 provides an alignment of the amino acid sequences herpes proteases HHV-6 [SEQ ID NO* 2] CMV [SEQ ID 
NO: 1], EBV [SEQ ID NO: 6], HSV-1 [SEQ ID NO: 3], HSV-2 [SEQ ID NO: 4] and VZV [SEQ ID NO: 5].' Regions of a- 
helices and p-strands in the HSV-2 protease structure are indicated by A1 through A7, and B1 through B7, respectively. 

Rg. 2A-2F provides the coordinates of the residues of the catalytic triad and other residues and water molecules 
in the active site of the diisopropyl phosphate (DIP)-iiganded HSV-2 protease. 

Rg. 3A-3E provides the coordinates of the residues of the catalytic triad and other residues and water molecules 
in the active site of unliganded HSV-2 proteasa 

Rg. 4A-4MMM provides the protein coordinates of the DIP-liganded HSV-2 protease crystalline structure of the 
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invention. Figure 2A-2F is included within Figure 4A-4MMM. 

3E S^CSSST 1 C00rdira,eS ^ *" UnHSanded HSV " 2 ^ Cry5W '- 3A- 
r 9 ' ^In^" 68 4,19 coorelinates <* f esidues in the active site region of HSV-1 protease 

eM?/^^?^"^ -fclW1 P^-^'inestructureoftheinve^on. Rgure 
Rg. 8A-8X provides the distances (in Angstrom) between any protein residue that has an atom within a 5 s A radi, « 

of any atom « Ser 129 covalentiy bonded to the DIP in the DlP-liganded HSV-2 protease SeqTd n5 4? 

» residui'o^^^^^ ^ *° *" *" " ^" 50 A - *• «*" * 

siteShsSVp?^ 

Rg. 1 11 A-1 1 1 LLL provides the bond angles (in degrees) between any atom of HSV-2/DIP-modified Ser 129 and am, 
two prolan residue atoms that are within a 5.5 A radius of the DIP modified Ser 129 [SEQ ID^Sa 4? "* 

15 „ a 7?' l? Ar1 !°. prw,d " bond a "B ,es 0" ^rees) between interresidue atoms in the active srte reaion near s« 
129. His 61 and His 148 of the unliganded HSV-2 protease [SEQ ID NO: 4]. ^ 

Rg. 13A-13D provides the bond angles between interresidue atoms in the active ate reaion near Ser 12<j u. «i 
and His 148 of the HSV-1 protease of this invention [SEQ ID NO- 3] ^ 29, Hls 61 

^f^SSSilS. J anSl6S * *" ^ ^ * SW 129 ' * 61 HiS 148 0f « 1e D,p -«ed 

hb^^dS? anflles 01 active *■ ^ by Sw 129, His 61 "* Hs 148 * * e ""'^ 

Ser m C^w ^ h 04 ^ 00 ?" 3 !^ n8a : ^ aCfiVe *• re9ion (at amino r ^ues Ser 132. His63. 

inveS 9 5 ' ^ ' nClUdin9 Ar ° 166) * 4,16 CMV protease ' SEQ 10 N° : 11 a^rding to this 

s«e *m}£EF *" ^ *"° at0mS ^ ^ '«* than 5A from the active 

Rg. 19A-1 9D illustrate the bond angles between interresidue atoms that are within four A aoart in the act™ cite 
^P^n S !^ 2 ' "If 63 ' HiSl5? and ^ <* the CMV protease [SEQ ID NO: 1] aXing ^ nveioT 
CMV^o^ 

17A-17 9 e1s^^ 04 *• ° MV «*— - «he inventon. Rg. 

Hie S 9 '.! 2 ,^ 22 ? Pr ?^ e A the Pr0tei " "^nates near ^e active site region (at amino acid residues Ser 120 Ser 122 

theaSt^ 

site S^ A meT S r ie *" diStanC8S in An9Str ° mS betWeen ^ *° atoms less ^ 5A from the active 

Rg. 25A-25D illustrate the bond angles between interresidue atoms that are within four A aoart in the a*h« cite 
region ne^SeM20, His 52 and His 139 of the VZV protease [SEQ ID NO: 5] acconTng SKSSlE, 
teas! ^^^^^^^^^^^^Mm^^w^ 

ohciSatemfpf riKl? en ^ ribt>0n diaoram 04 * e D'^iO^ed HSV-2 protease dimer. The ligand diisopropyl 

n*™™* *ace filling models. The amino JSSt 

so [EST * "° ^ Pr0duced USing ** P"*™ f'BBONS [Carson. M. J. Mol. Graphics 5. 103-106 

Rg. 27B is the same structure as in Rg. 27A. viewing from 90° away. 
struSe 270 fe *" Un " 8anded ^ fe eSS8ntia,,y 10 ** 01 106 Dlp "«8anded HSV-2 protease 

a m tTI 9 ^ " 3 tnree ^ mensiona, "^bon diagram of the HSV-1 protease dmer. The amino terminus is indicated bv 

^.^l" 9 r S Pre * Ced U8i " 9 1,16 proflram R,BB0NS I 08 " 50 "- M. »/• Mol. Graphics 5. lollO™^ 
Rg. 28B is the same structure as in Rg. 28A. viewing from 90" away. 1 * 

, Fi9 - ^ fe a ^ dimensional diagram of the HSV-2 protease monomer. The ligand DIP is shown in the active site 

ESSE? 8PaCe » ,infl m0del 71,6 amin0 teartnu8 * indicated * N - "n» drawing was prcSuSng fte Sra^ 
RIBBONS [Carson. M. Jl Mol. Graphics 5. 103-106 (1987)]. ^ 08 8 me pr09ram 
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Fig. 29B is the same structure as in Fig. 29A, viewing from 90° away. 
^ Fig. 29C is the unliganded HSV-2 monomer. The structure is the same as the DIP-liganded HSV-2 protease struc- 

Fig. 30A is a three dimensional diagram of the HSV-1 protease monomer. The amino terminus is indicated bv N 
The drawrng was produced using the program RIBBONS [Carson. M. J. Mol. Graph* 5. lJES?lSS^ * 
Fig. 30B is Ihe same structure as in Fig 30A, viewing from 90° away. 

, hm 'S 11* 3 t0P ° ,( ^ di39ram * ** HSV ' 2 m0nomer * R 9- HSV - 1 "Tonomer of Fig. 30A with helices t A1 

through AT) represented as cylinders, strands (B1 through B7) represented as arrows and termini as NaCsSSl 
B5 and B7 are next to each other. Amino acid positions are indicated. 

am v!?' !? A 1! "!? e d ! mensional difl 9 rarT1 «* 108 ^ctu™ of CMV protease with the core B-barrel highlighted The 
amine iand carboxjri-termm, are indicated by N and C. Disordered portions of the structure ar ^represemed by 
Imesjhe diagram was drawn with the program MOLSCRIPT [P. Kraulis. J. Appl. Crystalloar 24^9SHi^i 
Fig.32B is the same structure as in Fig.32A, viewing from 90' away. ^'^-.24.946 950(1991)]. 

ch a J2'i 3A fe l?"" dimen ! iona, dia 9 fam <* s^^re of VZV protease wfth the core B-barrel highlighted in two 
shades of gray, me ammo and carboxyl-termini are indicated by N and C. A disordered portion of the Sure is r2 

line ' 71,6 dia9ram drawn "* * e M0LSCR,PT program P ** u,is - 'SSS 

Fig. 33B is the same structure as in Fig. 33A, viewing from 90° away. 

Ra 34 is a topology diagram of the CMV monomer of Fig. 32A with helices (A1 through A7) represented as cvlin 
. F ± 35 is a topology diagram of the VZV monomer of Rg. 33A with helices (AA through A7) represented as cvlin- 

whists *l a S SEESSfZg? CMV protease dimer - ^ n9 «-^** to ■* 

Th. 2 36B . iS thS dimSr * Rfl - 36A ' Viewin9 P 3 *" 61 to ** tw °- fold 706 *«» Parallel helices are indicated by A6 
The active site regions are represented by Ser at the Serl32 positions [SEQ ID NO- 1] ™icatea Dy as. 

Fig. 37 is a three dimensional diagram of the VZV protease dimer, viewing parallel to the two-fold axis which was 
drawn using the MOLSCRIPT program, with each subunit in a different shade ofgrey. 

a ff A Jl a m ° d . el * 1,16 Dlp - |i 9 anded HSV " 2 Protease active site in a thick stick representation All carbon atoms 
SI « 2?* eSK,UeS 01 '"P 0 * 8 ™" are Aig 156. Arg 157 and possibly Ser 131. Cys 152 Leu 27 Val 128 Leu 130 

Fig 38C is the superposition between the active site of DIP-liganded HSV-2 protease and that of the classical ser- 
ine protease ^trypsin complexed wfth mono isopropy. phosphate (MIP). In light shaX Tthe iSSSl 
n the rtenfccal orientation as in Rg. 38A. and in dark shading are the r^ymotrypsln active srte rescues 
those of protease y-chyrnotrypsin. Hydrogen bonding in the oxyanion hole of rcrryrrotrypsin is show7 
diffjpt ffSL T fP0,Hta ? * DIP - |iflanded HSV ' 2 P rotea se with CMV protease, illustrating the similarities and 
2 ZSSt JSl' 8,168 * "° enZymeS ' Hydr0flen b ° ndinB iS * 0 " n for CM ^ ^ease bulTab^ls 

Fig. 39A is the HSV-1 protease active site in a thick stick representation. All carbon atoms are in light shadina- nHro- 

oL 0 2S n J""™ at0mS ^ ^ ^ «™ Ser129. His61 ^SSSSSSZ 

O^rresriuesof.rrportarweareAr 0 156.Arg157arKlpossitt^ 

between the resdues in this active site are shown wrth dotted lines. "yorogen Donas 

k^J' 9 ' C 'L* 18 ^P^P 06 * 0 " * HSV -' P rot «ase with HSV-2 protease, illustrating the similarities and differences 
^ T^J 1 "* ^ enZymeS - 10 ,i9ht *■*» is *■ HSV - 1 P^«se in the UmJSS!S!Si 

8te resWua8 (numberin ° 01 - * ^ 

h Jit l^t!* ! UPe ?f ti0n 01 HSVM protease wi * P^aase. illustrating the similarities and differences 
fTma. J«TZ*ST"* T TST^ ,n l i 8 rrt shading is the HSV-1 protease in the identical orientate asln 
rig. 39A, and in dark shading are the CMV protease active site residues. 
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or J' a.. 4 ?^ 3 < !? Win9 °' th 1 e ^Protease aclive site in ball-and-stick representation drawn with MOLSCRIPT pro- 
gram. All carbon atoms are in light shading; nitrogen, oxygen and sulfur atoms in dark shading The catalytic residues 
areSer 120. His 52 and His 139 of SEQ ID NO: 5. Other residues of irr^rtanceare Arg U7^ i^^X^ 
122 and Cys 143 of SEQ ID NO: 5. The postulated proton transfer pathway is shown by dasheJlines 

Fig. 40B is the superposition between the active site of VZV protease and that of the classical serine protease 
trypsin. In hght shading is the VZV protease in the identical orientation as in Fig. 40A. and in la* shZo aVe^e 
trypsin active site residues. Labels are those of trypsin. The pioton transfer pathway in 'trypsin ^arSeS i^dotS 

M n. 5 b!t 5 3 drawi "9 ^ stereoview of the CMV protease active site in ball-and-stick representation drawn with 
MOLSCRIPT program. The catalytic residues are Serl32, His63. His157 and optionally Asp65 [SEQ ID NO- 11 Other 
residues of importance are Arg 165. Arg 166 and possibly Ser 134 and Cys 161 [SEQ ID NOmH The postulated orator, 

in the drawing. H 2 0 is an ordered water molecule. 

Rg. 41 B is a stereoview of the superposition between the active site of CMV protease and that of the classical ser- 

proton transfer pathway in trypsin are depicted in dotted fines. 

Fig. 42 provides the statistics of structure determination for HSV-2 protease. 

Fig. 43 provides the data collection statistics for native and heavy atom derivatives of CMV protease 

F» 44 is a stereoview of the superposition between the Ca trace of VZV protease and that of the CMV protease 
The light color strand is the CMV protease and the dark color strand is the VZV protease. In spleTthTS 
sequence homology and apparent conformational differences in some helical or loop regions, the »re biarrVS^e 

«h°^ ea ^f supenmposes < J U " S we " with that the CMV protease. Excluding regions that are drastically different (> 
4 A) t» root-mean-sqiiare (rms) difference is only 1 .3 A between 142 (60%) Ca atoms from VZV and CMV 

ta-SLSJ." J!?!! 6 S6qUenCe " *• VZV mnS,nKX H6(N)VZV (SEQ ID N0: 1 containing an authentic pro- 
aTesiteSS^ 

^2LT 18 ^.r^lf ^u. 6 " 06 01 *• ™ COnStruCt LQA " H6 ( C ) ^ [SEQ ID NO: 8] containing an authentic 
protease domain followed by six histidine residues (underlined). 

tJ^^ZZZTST S6qUenCe ° f ^ 6 ^ C ° nStrUCt LQA S- H 6(C) VZV [SEQ ID NO: 9] containing an authentic 
protease domain followed by a senne residue and six histidine residues (underlined) 

Rg. 45D is the complete sequence of the VZV construct LQAS-12aa ext H6(C) VZV [SEQ ID NO- 10] containina 
an aufrentic protease domain followed by a serine residue. 12 residues normal y found after the LQAS i rSJZd 
underlined) and six histidine residues (underlined). ( 

'J- « E « the complete sequence of the VZVconstructA9LQAS-12aaertH6(C) VZV [SEQ ID NO: 1 1] containing 

£ SS2 ST!? IT 8 " 1 IS? 3t * e amino - temiinus < f *• *- residues rernoved and Cys 

by Met) and followed at the carboxyl-terminus by a serine residue. 12 residues normally found after theLQASI i-srte 

(bold underlined) and six histidine residues (underlined). ™ 

Detailed De scription of the Invention 



t ««I^ P !T ^' 0n J!T , f 8 n0V6 ' herpeS virus protease crvs,alll ' ne structures, novel herpes virus pro- 

£2?^ tdorm Tl " Synthet,C com P° sitions ) characterized by the ability to inhibit binding to the activate of 
herpes proteases. The herpes virus protease compositions of the invention are characterized by a three dimensional 
45 active catalytic site of conserved amino acid residues, Ser. His, and His. dimensional 
For HSV-1 and HSV-2 proteases, these residues are located at aa Ser 129. His 61 and His 148 of SEQ ID NO- 3 
and ^respectively. For CMV protease, these residues are located at aa Ser 132. His 63 and His 157 of SEQ ID NO- 1 
For VZV protease, these residues are located at aa Ser 1 20, His 52, and His 139 of SEQ ID NO- 5 

^LZ^l^T^ 6 ' P ?f eS 8 no !? HSV " 2 pr0t6ase composition characterized by a three dimensional 
active catalytic site of three conserved ammo acid residues. Ser 129. His 61. His 148. seven additional amino acid res- 

HZHL n p^^IJ? • 1571 LeU2?1 Val 128 ' Leu 130. and two water molecules Wail SSSSfitZt 
in or* the DIP-l.ganded HSV-2 protease structure) as def ined by position in Rgure 1 herein [SEQ ID NO- 41 

Also provided is a novel HSV-1 protease composition characterized by a three dimensional active catalytic site of 
ttiree conserved amino acid residues. Ser 129. His 61, His 148. four additional amino acid residues Ala 131 Cys 15? 
wg 156. and Arg 157. as defined by position in Rgure 1 herein [SEQ ID NO: 3]. ' 

m m ^lTlT ^f". <he present invention P rcvid « s 8 ™« CMV Protease composition characterized by a three 
dimensional active catalytic site of six conserved amino acid residues. Ser 132. His 63. His 157 Aso 65 Cvs 161 and 
Ser 134. Additionally the CMV catalytic site may also contain either or both Arg 165 and Arg 166^s defined by their 
position in Figure 1 herein [SEQ ID NO: 1]. The CMV structure further reveals a novel active site teStomeX 
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SS? ?"^ 5 [ !f? ID N0: 1] - S6 '" •» P*«« invention provides a novel CMV pro- 

^ZTT^ST^F?' 3 dimenSi ° nal aCtiVe Ste 01 * """"^ amino acid rescues, si 

IS'iSS nlTlS? 6 • *° 165> ^ 166 ^ TO "^*ved amino acid residues Ser 134 / J 65 
and Asn 60. as defined by position in Figure 1 herein [SEQ ID NO: 1]. ^ ' 

alvtS^Tr™^ 198 3 ^ Pr ° ,ea3e ""*«»on characterized by a three dimensional active cat- 
alyt.c ate of three conserved amino acid residues, Ser 1 20, His 52, His 139, and five additional amino acid residues Ser 
122. Cys 143. Arg 147. Arg 148 and Lys 54, as defined by the amino acid positions in Fig. 1^EQ ID |?0: T 

I. The Novel Protease Crystalline Three-Dimensional Structure 

The present invention provides novel protease crystalline structures based on the heroes oroteases Th« thr« 
^T*l D l<T* UrBOf *° HSV - 1 ' HSV " 2 - ^and VZVproteasesprovided hISZS %££2Z!Z 
artons of the amino acids Ser, H* and His. An unusual dimer interface that is important to protease activity ^ also 

Srli 8 t " ^ ProteaSeS - ' n ye< the provides for a nS £ 

KEEISE"!? ? arac l rized * a dimer intertace of ^ hen *« protease molecules Inhibition of tlS dimer 
irterface by inhibitors wh.ch perturb interaction with these dimer interfaces. Inhibitors that perturb or interact with 

^ an0,her ,heraPeU,iC ^ ^ ** d6Si9n ^ Se,eCh '° n * therapeu^c ag^ agSnThS 

and CMV, ahgned to illustrate the homologies between them [SEQ ID NO: 1-6J. As seen in Fig 1 when combed to 
members of the alpha subfamily. HSV-2, HSV-1 . and VZV protease amino add sequences «r^j£!£SS£5 

CMV protease ; CMV protease drffers in having a shorter N-terminus and two multi-residue insertions (at CMV protease 
25 amino aad residues 40-47 and 147-152. SEQ ID NO: 1). »wwr»iaiuviv protease 

C^"? 10 •tT* i^Ve^ti0n • 1116 Structure °* human HSV " 1 - "WWW and unliganded HSV-2 CMV 
dilT^oT 68 ^ 6 b6en ? termined - Th9Se Pr0tea8e Crystal « fold and « active s eL^ 

sSSi^ 2^^ ^ ^ Pro,eaS9S - De * ,S * * uaw d6terminafon « 
30 e * M Urth6r refinem 1 f 1t of 816 atomic coordinates will change the numbers in Figures 2 - 26. refinement of the crystal 

ZSZiZZL"*?' T . form ^ in S n6W S6t 01 C00 ' dinateS - d « e ™nation - *• JmSTS 
S ^ eS , Pr0tea8 6 8,80 re8u,t in 8 different set of numbere for coordinates in these figW HoweWdi" 

rem S n 1,16 88,716 Withi " 6XP6rini6nta ' 6rr0f ' ^ confermafon 01 ^esT^cte 
3S !SS 'en^n the same vvrthin experimental error. Also for example, the amino acid sequence of the herpes proteases 
35 can be varied by mutaton derivafeation or by use of a different source of the protein, as described herein 



A HSV-1 and HSV-2 



40 dem^c^ StrUCtUreS °' HSV ' 1 HSV - 2 hBV> b8en determined - 38 described h ^ein. and are discussed in tan- 
The crystal structure of human HSV-1 protease has been determined at 3.5 A resolution. The structure was deter- 

£T£ £5. of mo,ecular rep,acemem (MR) 8X111 refined 10 3,1 R - factor 01 36 -** SwSTJ! *?> 

7118 °Vsta' structures of human DIP-liganded HSV-2 protease and the unliganded HSV-2 protease have been 

r^iST^?i£.^S - ! 8 ° mo,phous rep,acemert (MIR) and MR and refined to an R-factor of 20.5% (10.0-2.5 
r^TSS™ r00t * mean - square deyiafons on b 0 ™ 1 '*"flths and bond angles of 0.016 A and 1.9» 

respectvelyThe unliganded structure was determined using difference Fourier methods usirn the DIP-liganded HSV 

an£"Tl^ 

Although human HSV-1 and HSV-2 proteases contain 247 amino acids, the models of these proteases are repre- 
sented by 214 residues for HSV-1 protease and 21 7 residues for DIP-liganded HSV-2 proJT^Sl^rSw 

KTuvr riU ^ a 2?/ 6SidU6S in ^ SUrtaCe IOOPS 102 " 1 10 ' ^ 134 " 1 « disordt^Se^TsEQ ID 
.I 1 J?.'^* HSV - 2 " residues ^ residues in two surface loops 104-110, and 134-140^disordered 
in the cryste. PEQ ID NO: 4]. The mode, of unliganded HSV-2 protease hasVlS residues wher^ M-TaToSffS 
134-140 are disordered in the crystal [SEQ ID NO: 4]. 

r„, J^o'" ^J* 1 ! HSV ' 1 ^ HSV ' 2 pr0tease8 i8 characterized »V 7 b-strands and 7 a-helices as depicted in 
1, ^ ^ d,scussed herein ' me l0 °P containing residues 25-55 in the CMV protease [SEQ ID NO- 11 is 
cteordered in the crystal, but the corresponding loop in the HSV-1 and HSV-2 protease crystals are Xe^d 
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Fig. 2A-2F disclose the coordinates of the residues of the novel HSV-2 ratals tri=H ~*u 

'" dude res,dues S« r 129. His 61. His 148. Ser 131. Cys 152. Arg 156, Arg 157 Leu 27 Va7l2a ai £ 
Leu 1 30 These data are reported for crystals wrth lattice oon.lanl.rt/U717A, W7.4rc-^3 A ^aSS 
r=90. wrth a space group - P2 l2l 2. The liganded and unliganded crystal torre have the same ceM d^nt ^ 
space group The data is reported in Protein Data Bank (PDB) format toatina toJZZ TTJSL dimensions and 
bon (at a, p. 5 or y positions in the atom); the amino a(^ residue Sch lS stores Sed amno'^ 9 ^' 
and the coordinates X. Y and Z in Angstroms (A) within the crystal lattice^s^^ 

notng that each atom in the active site has a unique position in the crysta IT* SbSc ™ 0 ^T*t at0m - 

5" , ? * ^ m ■ P1 - data is as descrb "' ^ for HSV^VoteaS Fiau7f 7 A TDm 

dustate the orthogonal three dimensional coordinates in Angstroms and B factors for HSVi?rS£e 

Figure 8A-8X provide the distances (in Angstroms) between any protein residue that has anatom within a s s A 

artve srte formed by Ser 129. His 61 and His 148 [SEQ ID NO: 4J of the protease, for ttie mpTiLnded HSV?Z£,Ii 



S. CMV Protease 



The crystal structure of human CMV protease has been determined at 2.5 A resolution As described in mnr» 

Ser wSSJ ^^^^"^f! 168 T* 18 8CtiVe ^ refli0n (8t "•*» «*» resWuaa Ser132. His63. 

J \ 9 M and Hls157, -nd ,ncludin 9 Arg166 of SEQ ID NO: 1) of the CMV protease according to ttnk 

.ronton. These data are reported for crystal lattice constants of a-58.7 A, b-58.7 ™c-W1 oT^SJ^ 

IS?*** = ^ ™* *** is reported in Protein Data Bank?PDB) formats i^£SS^ 
£2 JVrT™ th ° dfetences in An9Slroms between every two atar4 SeleS^n 5 A fro^ 
SitS? fo : CM I Pra,6aSa F * ure 1 9A - 19D il,U8trete » a ^les between WerreXe^trXe wE 
four A apart ,n the actove site region near Ser132. His63. His157 and Asp65 of the CMV proteasefSEQ ID NO- 11 
accord.ngtott.s.nvention. Figure 20 provides the dihedral angles of thelSd m^SZSifSSS £» 
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!2cf !S ^ SP6 l 0f !l e ^T* ISEQ 10 N0: 1] - R9ure 21A * 21 DD ^<»e the prolan cooriinates of the CMVpro- 

^"l?^ 6 " *" ,nventioa indudin 8 *" active site - See D. below for discussion of the CMV crvsS 
structure folds and part E. for further discussion of the active site. 

C. VZV Protease 

in ^^6^^™? ^ Pf0teaSe beOTde,w ^*3° Resolution. As descrtoed in more detail 
? 5??L £ ' 8 ^ pr0tease Sequence ^ ""I*** 1 in which »• n"** has the N-terminal nine (9) anTo 

SKSf? ? IS °^ had litfle effect on the activity - ^ ****** — d «^ned «SS2ES 

£!i ^? ,SOmorphous placement (SIR) and refined to an R-factor of 22.3% (7.0-3.0 A, usingW > 7 S 
datajwrth root-mean-square deviations on bond lengths and bond angles of 0.014 A and 2 1» respective!/ 
_ J?,™*; 01 th f^V enzyme used in the crystal structure study consisted of residues 11-236 of SEQ ID NO- 5 
The VZV structure model consists of 21 1 amino acids. A surface loop of aa 127-136 is disordered in the crystal nan 
the last 5 arninoacids at the C-terminaJ of VZV. In VZV, an additional helix has been oteerved in tine J£m!Z 
residues 31 -39 of SEQ ID NO: 5. The fold is characterized by 76 strand and 8 a-helices as d^J^B^uSS 
,«tS, COnte ' n,n9 '? *T ^ in 9,8 CMV pro,ea8e i8 disordered in *» but as for HSV-1 andHSV-2 pro^ 
^^rT 5 ° nd ?J^ P " 2^ [ Pr ° teaSB iS observed - ™ s l0 °P « situated near the activeSe ar£ fe 

122 W R 2 4^« C ^^^ " ear * ie acBve SitB region < at "*» •* re! ^s Ser 120, Ser 

122, His 52. Lys 54, Cys 143, Arg 147 and Arg 148 of SEQ ID NO: 5) of the VZV protease according to this invention 
These data are reported for crystals with lattice constants of a=90.0 A, b=90.0 A, c=117.4 

protease. Fig. 25A-25D illustrate the bond angles between interresidue atoms that are within four A apart in ^active 
srte region near Ser 120. His 52 and His 139 of the VZV protease [SEQ ID NO: 5] according to this iSntoFtaa! 
proves the dihedra. angles of the tetrad active site formed by Ser 120, His 52 aid His 139 of ie [sEqS 

cussldln^E 6886 CryStal 8trUCtUre nWel fo ' d fe diSCUSSed in detaJI in D " below - 7116 Nwel site is dis- 

D. The novel hid 

1 . HSV-2 and HSV-1 Proteases 

With reference to Figures 27A. B and C. the structures of the liganded and unlkjanded forms of HSV-2 are nearly 
ident-cal. The tending of DIP tothe HSV-2 protease structure does not arter the conformation oT?he enzyme "STcS 
mean square ^deviation between the liganded and unliganded forms is 0.4 A. The pre^ 

c^yTe 

orrto^S' HS ^ Bnd HSV " 2 ****** dmeni ** ""V*** o* e*arrels. The folds of the HSV-2 

Sr2^2f ™ ^^^Jf 3 ?^ overaJI fold off the HSV-1 protease dimer is illustrated in FTqs. 23A and 26B. A>r ^ch 

can be dassrfied as an orthogonally packed B-barrel [(Chothia and Janin Biochemistry. 21 : 3955-3965 ( 982)] wfththe 

77lTafl^ e d^* 8 ri S,randS 86 ^ B L 8re para " e1, unlike most orthoflonaHy packedb-barrels. Also, strand B3^aa 65^ 
77) « append that closes one corner of the barrel, but the other corner lacks this kind of classical closure and is main- 

ZSSZSttlR the N-tem^naJ aJmain of trypsin is also an orthogonally picked W^rrel. but sipS 
ra^JSL £f u Z ^^i* 0 ** ** reV6aJ simjlaritias P 05 *™ the active sites in different 

trv^Sot T^^', * T 8 < B1 ■ B * 83 B4) form a typical Greek Key motif while those in 

lated to other known non-herpes serine proteases. 7 

rathe^dusT;^^'^ 0 ' ' S?!^^* HSV - 2 Pr0te88e HSV " 1 d0 not *• *W °"« 

rather cluster towards the ends. Alpha helrx A1 seals one end while helices A2, A3. A6 .and A7 dose the other Of 

these, helices A6 and A2 with the corresponding helices of the dimer mBl«dalheai^^Iw^ ^S£ 

en^rr^ 30 ^ be1W86n *" ^^"8 ™™ers. Whi.e four ofVs^ ^ aTe aS 
end of the barrel the other two are on the same side of the structure, away from the active site. 

For the DIP-liganded HSV-2 protease structure, the transition state analog inhibitor diisopropyl fluorophosphate 
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Unlike trypsin, the active sites of HSV-1 and HSV-2 proteases do not lie at the intersection nf «,» ^ ■ u 
rather bind in a cleft formed by one side of the barrel at standi as »nri Te!!»n , ^ " *" two doma,n8 but 
153-157 (F* & 27^ 

or tne hsv-1 and HSV-2 protease structures, residues 34-38 fSEO in wry an n ai ;« r . L 
A1 aPPrc.chthetopofthec.eftbutdonotcornp^ 

. =ss=ssss 

An intnguing non-cryBtallographic dimer interface in each of the HSV-1 and HSV-2 Droteases fe marf* ,« m «,„ 
interactions between helices A6 and A2 with the corresponding helices in imZm^^SZiSS^ * 
heal between the liganded and unliganded HSV-2 proteaL Tnese same fSSZS^SSlSS, L?' 

S 5ST5 Ssvl n n t t0 ^h 0 * er ,n CMV protease ^ A6 he,tees f£^™J££E& 

the HSV-1 and HSV-2 proteases they are separated at the N-terminal ends by about 30 degrees aiadZm^ri? 
14 A. Because of the twist between the A6 helices in the HSV-1 and HSV-2 woteases^^ H 1 

between the C-termina. ends of the helices. In both the liganded unliganSS S T^LTl ° ^ 
(3.0 A) is seen between the side chains of His 21 1 and Qlu 207TSEO SEfvl Pleases, a hydrogen bond 

There are other notable structural differences between HSV-2 and HSV-1 and those of the CMV an n vtv 

tamo, m «. km „. reotea raw „ B ^ Mrt0 ^3S*^ , """ eOT - 

2. 77?e CMV and VZV Proteases 

i« rfJl 6 ^T 3 !! 0 " 1 d th6 CMV 30(1 ^ monomers <*" be best described as a 7^randed f>barrel core which in CMV 
s decorated wrth seven o-helices on three sides (see Rgs. 32A and 32B) and in VZV Z to!22£L Jj? h ? 
(Rg*33A and 33B). The core f>barrel can be classified \L an att^al^^ 

Chothia&J. Janin. Biochemistry, 21: 3955-3965 (1982) Of theseveWheficeTninifl^!! sdesenbed in detail by C. 
P4 and P5, and four helices after standi? ^p W ^ 8 ^ M ^ d ^* rwwere ^ between^ 

»™, Certain features 01 ,he CMV Please and VZV protease barrels are quite distinct First the cmv nrm M « ^ 
VZV protease barrete contain two paralie. stands (Rgs. 34 and 35) and & ££fi£^^ 
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orthogonal packed p-barrete are formed exclusively from anti-parallel strands. Second, strand 63 fea67-78 of CMV 
£5 C,08Ure ■* * mainta,ned by °" ,y «" hydr °9 en b"* betwe «" ^nd BS [aaTso-rS S 

STJvS (?eq Id SS 01 ™ (SEQ 10 N0: 5)1 87 Iaa169 " 175 * CMV (SEQ ,D N0: 

„ rt J,l ere f ^ ferminal P*^ 6 ' of fry**" 1 ' 8 P^^e serine protease is an anti-parallel (J-barrel that is also 

orthogonally packed. However, superposition of ^C^pn^y^j,^^^^^,,^^^ 

further resemblance, and show the enzyme active sites of the CMV and VZV proteases are at completely^fflte^ 
regions of the fold than the active site of trypsin. Moreover, the CMV and VZV p-strands (Ha £ 3? Tie 

arranged differently than in trypsin. For example, the first four strands of CMV and VZV proteases (B1 B2 B3 and B4> 
form a to'cal Greek Key motif, while those in trypsin do not Therefore, it is reasonable to conclude that the CMV oro- 
tease and VZV protease barrels are evolufionally unrelated to other, non-herpes serine proteases. The overall foH is 
also unique to CMV. VZV and other herpes proteases. peases, ne overall tow is 

(F-J^^fZ inCMVandVZV P"* 68868 has been iden * tf ied around two-fold crystellographic axes 

(Figs. 36A and 36B. 37). The dimer interface is mainly made-up of a set of four helices (A1 . A2. A3 and A6) ofone mon- 

STh- ^™ nds . neli * A6 * *" olher monomer> Where *• ^ sy^etry-related A6 helices are parallel (Fig 37) 
l£ ^'^ff 09 - 18 p ^ oni,nant, y ^oPhobic. involving many side chain van der Waals interactions for residues 
sucr, as phervlalan,nes.leuanes and valines. Despite the ti^pactangin the cryslal. this dimer irterface is much nrore 

SSSl^J? . inter - m0,6CU,ar interfaces *» ^ arrangements of the helices and™ e 
extent of the interface seem to suggest that this is not a simple coincidence of crystal packing 

The dimer interface is of importance in maintaining the activity of the proteases. The calculated interface area is 

uqw^ 6 * (p° nno "y) to 1 300 A (GRASP) from the crystal structures of CMV and VZV proteases^As forHSV-2^^ 

Also, the active sites of the two monomers are quite distant from each other (Fig. 36B and Fig 37) 
fuJ^S ^? mer j!!! ffaCeS mV7Vand CMV P«*«" are similar, there are notable differences in their struc 
k * J^£ m b0th monomers were a"" 105 * Pa^'el ^ the structure of CMV protease, but helix A6 is twisted 
about ao- m the VZV protease structure (Fig. 37). The helix A6 in VZV protease has one more turn StmtSSS 
and the loops connecting AS and A6 are quite different in the two structures (Fig. 1). The biggest difference resides in 
the segment coring the small helix A2. In the structure of CMV protease, this segment aslmed ?ES5£ 
mation. making intra-molecular contacts and being part of the dimer interface. However, in the VZV protease structure 
his segment adapts a completely "open" conformation, interacting only with another symmetry-related molecule to" 

2K,T£ oligomers^By analogy with CMV protease, the VZV protease dimer is essential tor enhaLd cateiy£ 
activityln the absence of a dimer. the rearrangements of helices involved in the interlace may have profound effects on 
he conformation in the active site regfon. For example, the A6 helix may move toward the active srte^arSre- 
fore affect the positioning of residues in the active site or it may simply block access to the substrate. 

£ The novel active site 

The catalytic mechanism of classical serine proteases involves an active site triad composed of a serine histidine 

SLIIT™ "f a " h ° U8h 8Weral *" 6tUdi6S ^ °" ™^nesTof aspartte and glutamic 

ac.dsof herpes prot^ 

1 ™ ^ T*?? 01 B9anded 8nd unBBmd,d HSV - 2 proteasa r6vea,s 311 active site composed of a serine?!* 
129* a histidine (His 61). and a third residue also a histidine (His 148) (Fig 38A.B), sequences which are eiZSh 

l^iT 8 ^ 988 . 98 (Ra 1) TheCryStal °* »M protease reveals a! Wentica. acte s«?(^1a" 

The crystal structure is in agreement with early protease inhibition experiments on HSV-1 protease (sharing 90% 
sequence identity and identical numbering to HSV-2 protease) that identified HSV-1 as a serine prcrtease anTZt sub, 

oTSSv ^ I s V ab0H8hed ISEQ 10 m: 31 "W" **** < Uu * 5£S?S!2 
Wel^ 2n Had ^JTT^*" h0m0l090US re6idues to Hi8 61 Ser 129 to be essential (Steve J 
Welch I). AHhoughseveml studies focused on mutagenesis of aspartic and glutamic acids of herpes proteases, none 
£ SIT 6 ? a ^ ton 01 *• third member of the catalytic triad. Figure 38A shows the DIP rnoleWc^eS 

£r ^ S ^. 12 !i SEQ J D ^ * J ^ iS ^ mutagenesis and chemical modification studies that^SSS 

ser 129 as the active site nucleophile in HSV-1 protease [SEQ ID NO: 3] (Dilanni II) 

a n«S !i!L HS !' 2 "S HSV " 1 proteas ^ the 8trueture of the CMV and VZV proteases of the invention reveals 
a novel active srte containing a serine Ser 132 for CMV (SEQ ID NO: 1) and Ser 120 for VZV (SEQ ID NO- 511 and a 

St* °S (SE ° ,D N ° : 1> - * * * ™ (SEQ ID NO: 5)J. with the IS £51 oKSc 

trad being a histidine [Hrs 157 for CMV (SEQ ID NO: 1) and His 139 for VZV (SEQ ID NO: 5)J instead of aspartic add 
Mutagenesis and chemical modification studies had identified Ser 132/Ser120 [SEQ ID NO: 1 and 5 resoectivelvl and 
His 63/His52 [SEQ ID NO: 1 and 5, respectively] as part of the catalytic triad [Welch I, Stevens ^^.?'ciS^bove] Botii 
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residues are absolutely conserved in all herpes proteases (Fig. 1). 

1. HSV-2 and HSV-1 Proteases 

site E3 TJ^T?* HSV -2P rotease shows anetwork of hydrogen bonding between the enzyme active 
HSV 2 a 2^! JT*l T m0leCU,6S (Wat1 and Wa12 (Ra - 38A »" 1,16 crucial ^nts of the TlSV.1 and 
H?h * ""J"" 9 * S " T1,,ar to lrypsin wen ,h0U9h tne t" 0 HSV «ym« ^are little sequence homology 

^^ n 3 ^ h r' 3 " tertary StrUC,lJreS are ° 0mp,ete,y diWerent 10 * ^ - the catalytic WaTof * 
chymofrypsm bound to mono- IS opropyl phosphate (MIP) wfth that of the DIP-liganded HSV-2 structure (Fig 38C) and 

ZSlSSl^!!^^-'* ?"? (BP . D ^ 1SG7) HSV " 1 p ' rtea se iows J! simi- 

5?* ^ C ' a 9 n,flcant overla P 18 seen ^t*een the peptide backbone stabilizing the P-0 oxygen of 

DIP, the catalytic serine residues, and His 61 and His 57 side chains of rchymotrypsin and DIP-liganded HSV-2 pro- 
k S t '* spechvely - "9 ure 380 3,50 revealsthe overlap of Asp 102 and His 148 [SEQ ID NO: 4], supporting the role of 
this hisjdjne ,n catalysis despite its apparent lack of hydrogen bonds in this structure. Similar resXare reveal in 
Th rf ^ ?if 8 m 106 f0,e ^ ^is 1 48 PEQ ID NO: 3 and 4] in catalysis, but it also suggests the pos- 

^.^^f^e HSV-2 and HSV-1 enzyrr*s into those having a norrml^alytic triad by repladn^ 
iu no. 3 and 4] with an aspartc acid. 

rc^^ e0, * epresencert * ecwale ^ tou ^ inhibi,orDIP - His61 does not appear to hydrogen bond to Ser 129 

2SS 0: J ^ instead T*™ 8 close interac1ion "* SeM31 A >" be o-£^325SE 

2 52 ^rti 9 ^T-^ ^ ™ V protease < R * 38 °) H « 61 "as hydrogen bonds to both Ser 129 and 

!U 2 * *i2 8 ? y efaCtS ** HiS 148 [SEQ ,D N0: 1I " ™ s is 8imi,ar 10 the h *"ogen bonding network in 
the rchymotryparVMIP structure where Ser 214 maintains a dose hydrogen bond to Asp 102 (Fig. 38C) [SEQ ID NO - 

X SFTiX , fr? ~ * e aCtiVe SNe ' Sef 131 h3S bee " found ,0 156 non esserrtial for catalysis in CMVprotease [SEQ 
ID NO: ] Welch I^This position is also an Ala residue in HSV-1 (Fig 1). The average B factor of the side chain aSms 
of His 61 ,n me DlP-hganded HSV-2 protease [SEQ ID NO: 4] is 51 A 2 , more than twice the average B-factor oTtS 
sfructure, ntaatmg that it is mobile. A rotation about the C p -C r bond could allow a hydrogen bond to Ser1 29, and a sub- 
sequent rotator, about the same bond in His 148 could allow a hydrogen bond between these two residues. These two 
rotations would present a hydrogen bond of 3.0 A between His 148 and His 61, about the same distance as in the 
uncomplexed CMV structure, and thus an alternative set of hydrogen bonds 

The active site of HSV-1 protease is very similar to that of HSV-2 protease with some minor differences (Fig 39C) 
These differences are most likely because the HSV-2 protease had a covalently bound DIP inhibitor (not shown in the 
figure ..for clarity) bound to the Ser129 which preverted a hydrogen bond betwe^ Ser 129 and His 61 S 
Th,s hydrogen bond is present in the HSV-1 protease structure in which the imidazole ring has turned by about 90° to 
accommodate this hydrogen bond. Also, position 131 is an Alanine in HSV-1 protease [SEQ ID NO: 3] and thus cannot 
maintain any hydrogen bonds to either His 61 or His 148 as has been seen in HSV-2 [SEQ ID NO- 41 and the other her- 
pes proteases. There is a slightly different hydrogen bonding network in the unliganded (or apo) CMV protease slruc- 

Seliy^^^ 

y^^T^ °T e ?' ed reSWUe Wh HSV " 1 -nd HSV ' 2 is Cys 152 [SEQ ,D N0: *1 wW ch is within the 
vicinity of *e active site It is also conserved and in an identical position in trypsin. However, it has limited contact with 

t it 9 ^ ( 9 3S 1. ): k he 01 52 Cr ^ mairtal " s a ^" d « r WaaJs contact (3.8 A) to a Ser 1 29 methyf group. Th^ 
'IT* i be,n ? 3 SUitab,e pr0ton acceptor because <* te nat"'e and position. Also, this cysteine is n* 
essential for catalytic activity in HSV-1 protease (Liu & Roizman III), or CMV protease (Welch I) 

ho.- w uT/T 1 1 0 ' 8 for DIP ' li 9 anded HSV " 2 Please can be identified in the present invention. Such an oxyanion 
hole for HSV-1 protease can also be identified based on its nearly identical structure to the HSV-2 proteases (Fig 39C) 
An oxyanion hole is that portion of the protease which provides an environment for the stabilization of the tetrahedra'l 
'^'^ed HSV-2 protease, the amide nitrogen of Arg 156 and Wat1 stabilize tarS£SS2 

2Ti Tr. ??' A? r* h ? ,fl w 109 en2yme (R9 - 38A) - Wat1 is Stabiliz9d °* ^^en bonds to W«rt2 (2 7 A) and 

X a a! ( I ?' Corres P° nd ' n 9<y. Wat 2 is held by hydrogen bonds to backbone atoms of Leu 130 (2.9 A) and Leu127 
(2^ A) and Arg 157N. (3.2 A). The alignment with CMV protease (Fig. 38D) also shows a single water molecule in the 
active site region of this enzyme, closely overlapping with Wat2 in the HSV-2 protease structure. This water molecule 
maintams the same protem backbone hydrogen bonds as does Wat2 in HSV-2 and could help hold the side chain of 
Z?2 ? ^ *■ ba< * bone atoms * Arg1S6 are the same as in DIP-liganded HSV-2 protease, 

making it likely this residue also helps define the oxyanion hole in HSV-1 protease. Arg156 and Arg 157 are absolutely 

^^ SS pr ° teases ^ present *" W9nii P° sitive charge near the oxyanion hole. The stability of this 
region is reflected here where Arg 157 makes two hydrogen bonds to backbone atoms of Leu 130 and Leu 38 both 
a^lutely c^erved in all herpes proteases (Fig. 1). The alignment with y^hymotrypsin shows how close the P-0 
oxygen of MIP is stabilized by a hydrogen bond to the amide nitrogen of Qly 193. In DIP-liganded HSV-2 protease the 
amide nrtrogen of Arg 156 dosely corresponds to that of Qly 193 even though the overall structure of the two enzymes 
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is completely different (Fig. 38C). 

m JlH' * li9 f!' ed 9nd un,i 9 anded human "SV-2 protease and HSV-1 protease sit at a very shallow and 

mostly exposed region of the protease (Figs. 27A.B.C; 29A.B.C; Fig. 28A. 28B, 30A 30B). ShaJlowne« cVthS 
site cavrty is not really surprising given that the sessile bond (the bond which gets cleaved) recognizeJby S hem2 

dues 134-140 [SEQ ID NO. 3 and 4]. that are part of a surface loop. Interestingly, a mutant with a five residue deletion 
pISm >!S°? n9 , ,0 . 0P CMV Pr0tea5e reSidue WBi shown 10 be *"* acfiva - but altered subsS s^ecS 
s^fiognfti^ 61 S ^ 

' K ,*I^wi CmP l 0te ? f structuremisses « w ° large loops nearthe active site, it was difficult to speculate about the 
substrate bindmg mode of the enzyme. With the liganded and unliganded HSV-2 protease and HSV-1 protease struc- 
tures, the rn.ss.ng oop containmg residues 32-54 [SEQ ID NO: 3 and 4] becomes ordered, possibly having a role in sub- 

IZ^JT ^ ^ a I e9 '° n at b reminiscent * * e S ' subsi,es °< classical serine proteases. One side of the 
groove isdelmeated by the active site residues while the other isformedbyasideof helix AS. a critical stm«^ feature 
of the enzyme. The other groove is relatively narrow and is formed by B5. including the catalytic triad, on one side and 

l00P < 1 154 " 160 [SE ° ' D N ° : 3 Bnd 41 WhiCh inc,udes *• cons ^ QRR sequence (Ha 
1). Tn,s regran is also in a portion that.snot very different fromthe unprimed (S) subsites in classical serine proteases 

w?f P H^ dS i?^ P2 " P4) C0UW bS inS6rted int ° the ^ ite ™ in *>™"9 an ZCS^ 

2. CMV Protease and VZV Protease Active Sites 

None of the aspartic or glutamic acids is absolutely conserved in all herpes proteases. Glu 122 was proDosed as 

♦! ° ^ IC0X *' ^ ^ ^ CMV proteass - However - « is *wd to be distant from the 
catalytic ^tejn the CMVprotease crystal structure. This glutamic acid is buried near the Cterminus of the protein toL! 
ing a sail bridge with Lys 255 of CMV protease (Glu 122 OE1-Lys 255 NZ. 2.7 A) and a r^rogen tonVSe back- 
bone nitrogen of Asp 118 of CMV protease (Glu122 OE2-Asp 118 N, 3.1 A) [SEQ ID NOrl]. 
to the protease can only be attributed to te role in maintaining the overall structure of the protease. ratoerZ bei£ 
directly involved in the catalytic machinery. ^ 

a ii h^°, U n!L HiS 157 CMV ' SEQ ' D N0: 1) His 139 (for VZV ' SEQ ID N0: 5) are ^olutely conserved among 
2^Kl P Sr^ mutagenesis of this histidine was shown to abolish enzymatic activity in HSV-1 [Liu luted 

of ttie catalytic triad Abolition of enzymatic activity does not necessarily necessitate involvement in catalytic activity but 
could be a result of changes in protein conformation. y 

*n ^ ^l 0 * 310 " 1 ° # Sef 132 for ^ protease [SEQ 10 N0: 1 1 < Ser 120 VZV protease [SEQ ID NO - 

5J) is found to be in the vicinity of His 63 for CMV protease (His52 for VZV protease), with a distance of 3 3 A from te 

IVnS" ^ (3 " 6 A for ™ P? 6886 '- <*" » e »~«» 01 *« M A coordinates error aT«S 

J« fr „ h * * 8CliVe Sit8 ' 3 ' 3 A diStance tor ^ (3 6 ^ for VZV) does not preclude these two resi- 
fo NO iT a „HH- ^f^^" 88 - 106 ^served second histidine (His 157 for CMV protease [SEQ 

Lis 157 N 2 , 5 A I 5[^ f0teaSe ISE ° ,D N ° : ^ fe hydr0flen b0nded to *• sWe <* His 63 (His 63 N61- 
His 157 N*2. 3.2 A) for CMV protease and His 52 (His 52 N81-His 139 N«2. 3.2 A) for VZV protease makina it the ihM 

OS atom 3.9 A away from the N51 nitrogen of His 157. In VZV protease [SEQ ID NO: 51. a basic resttue Lvs 54 
iSr^.^^^P^^nteOSI atom 5.1 A away from the Ne2 nitrogen* His 139. twfarto?nf^ 
ence catalysis in VZV protease. 

In the CMV protease crystal structure. Asp 65 forms a salt-bridge with Arg 109 of a neighboring symmetry-related 

bndge in solution. Asp 65 side chain could readily move to hydrogen-bond with His 157 and act as a proton acceptor in 
IS! ^M,fi ^f^^.- tetrad " <he aC ?' Ve ^ ^ 60 also found to interact with His 1 57 (AsnMiN62- 

f 1' \ 1 ^ M HS2nS 157 Ne2, 3 7 A) ' ** * m diWfcult to ima 9 ine rt b « na a Photon acceptor 

JS^^^^^S^ 1 ^^ 10 N0: U««her consists of anovel 

trad of Ser 132, His 63 and He 1 57. or a unique tetrad consisting of Ser 132, His 63. His 157 and Asp 65 that has also 

ZZ- £ Pr8Vi0US,y (R9 - 41A) ' *• Ms 157 acts as an extra comment in this novel 

relay proton transfer mechanism. However, the lack of sequence conservation for Asp 65 (Fig. 1) indicates that this 
tetrad is not a general model for herpes proteases. ' * 

i 20 Ic^M?^ I 8 ^o 8888 ISE 5 10 N0: 51 ^ f 1 ^ 8 " Cvs 143 is also found to interact with Ser 
120 (Cys 143 Sy -Ser 120 Or 4.8A; Ser 122 Oy -His 139 Ce1, 3.0 A; Cys 143 Sy - His 52 Ns2 6.0 A; and Ser 122 Or - 
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His 139 N81 2.9 A), but it is difficult to imagine it being a suitable proton acceptor because of its nature and position. 
Therefore, the active site of VZV protease consists of a novel triad of Ser 120, His 52 and His 139 of SEQ ID NO* 1 (Fia 
40A). * 

Overlay of Ser 132 and His 63 of CMV protease (and Ser120 and His52 of VZV protease) on Ser 195 and His 57 
of the classical serine protease triad in trypsin reveals that His 157 of CMV protease [SEQ ID NO: 1] and His139 of VZV 
protease [SEQ ID NO: 5J can be superimposed almost perfectly onto Asp 102 of trypsin (Fig. 41 B and Fig. 40B). Not 
only does this confirm the role of CMV protease His 157 and VZV protease His 139 in catalysis, but it also suggests the 
possibility of converting this enzyme into one having a normal catalytic triad by replacing His 157 in CMV protease or 
His 139 in VZV protease with an aspartic acid, which may also require substituting Asp 65 by a non-acidic residue. 

in the same overlay despite a totally different tertiary structure, many interesting conservations can be identified 
that seem to present a case of convergent evolution. First, Cys 161 for CMV protease and Cys 143 for VZV protease 
are at an identical position to Cys 42 of trypsin (Fig. 41 B and Fig. 40B), making van der Waals interactions with the cat- 
alytic residues (Cys 161 SrSer 132 Oy, 3.6 A; Cys 161 Sy-His 63 N«2, 4.4 A in CMV). This surprising conservation, as 
well as the fact that Cys 161 in CMV protease [SEQ ID NO: 1] and Cys 143 in VZV protease [SEQ ID NO: 5] are abso- 
lutely conserved in ail herpes proteases, seems to suggest an important role for this amino acid, although mutagenesis 
studies had shown that it is not essential for the protease activity [Welch i, cited above]. Another similar scenario is 
found at Ser 134 in CMV protease and Ser 122 in VZV protease, which appear to be at identical positions to Ser 214 
of trypsin (Fig. 41 Band Fig. 40B). 

In the CMV structure of the present invention, Ser 134 interacts strongly with His 157 (Ser 134 Oy-His 157 Ne2, 2.6 
A; Ser 1 34 OrHis 157 N51 , 3.0 A) by forming a hydrogen bond. In the VZV structure of the invention, Ser 1 22 interacts 
strongly with His 139 (Ser 122 Oy-His 139 Ne2, 2.5 A) by forming a hydrogen bond. In both CMV and VZV structures, 
Ser 21 4 also interacts strongly with Asp 102 in trypsin by forming a hydrogen bond. However, the importance of Ser 134 
in CMV protease to the catalytic activity has been undermined by mutagenesis studies [Welch I, cited above], and also 
the fact that it is an alanine in other herpes virus proteases. 

A possible oxyanion hole for the CMV and VZV proteases also exists. In trypsin, the oxyanion is held by the back- 
bone nitrogen atoms of Gly 193 and Ser 195. In the similar region of CMV protease, the construction of the oxyanion 
hole cannot be fully imitated by the G-X-S-G-G [SEQ ID NO: 14] motif because the backbone arrangements are com- 
pletely different. However, the main chain nitrogen atom of Arg 165 in CMV protease and Arg 147 in VZV protease is at 
a nearly identical position as Gly 1 93 N in trypsin (Fgs. 41 A and 41 B and Figs. 40A and 40B). Also found in the vicinity 
is a water molecule held by the side chain of Arg 166 and interacting with Leu 20 and Leu 133 (H 2 0-Arg 166 NH1 , 2.7 
A; H 2 0-Arg 166, NZ, 3.2 A; H 2 0-Leu 20 0, 2.6 A; H 2 0-Leu 133 N 3.0 A). The oxyanion in the structure defined herein 
may be held only by Arg 165 N, by Arg 165 N and the H 2 0 molecule. Considering the fact that the two arginines (165 
and 1 66) are absolutely conserved among all herpes proteases (Fig. 1 ). this general region is suitable for being the oxy- 
anion pocket of CMV [SEQ ID NO: 1] and VZV [SEQ ID NO: 5] proteases. 

The active sites of human CMV and VZV proteases sit at a very shallow and mostly exposed region of the protease 
(Figs. 36B, 41 A, 37, 40 A). Shallowness of the active site cavity is not really surprising given that the sassile bond (the 
bond which gets cleaved) recognized by all herpes proteases is between two small amino acid residues (Ala-Ser). Miss- 
ing around the active site cavfty are amino acid residues 143-153 in CMV protease [SEQ ID NO: 1] and aa 139-154 in 
VZV protease [SEQ ID NO: 5], that are part of a surface loop. This loop contains the so called inactivation or internal (I) 
site, a cleavage site between Ala 143 and Ala 144 of native human CMV protease as descrfoed in Welch l t cited above. 

Residue 143 [SEQ ID NO: 1] of the CMV protease of this invention has been mutated to valine to eliminate such 
processing. Also, it is not clear whether cleavage at the I site is a result of auto-processing or not Interestingly, a mutant 
with a five residue deletion around residue 1 43 was shown to be fully active, but with altered substrate specificity [Welch 
I, cited above]. Given this loop's proximity to the active site cavity, it may be a flexible flap that is involved in substrate 
recognition and probably is ordered upon binding of ligands. Similarly, the missing loop containing residues 25-55 may 
also become ordered upon ligand binding. This is supported by the fact that a mutation of Glu22 in simian CMV pro- 
tease (corresponcfing to Glu31 in the human enzyme), has shown altered substrate specificity [Welch I, cited above]. 

Since the CMV protease structure misses two large loops near the active site, it was difficult to speculate about the 
substrate binding mode of the enzyme. With the VZV protease structure, the missing loop containing residues 23-45 of 
SEQ ID NO: 5 becomes ordered, and the structure clearly defines two grooves near the active site that could be impor- 
tant for substrate recognition (Fig. 37). One of the grooves is deeper and wider, and is found in a region that is reminis- 
cent of the S' subsites of classical serine proteases. One side of the groove is delineated by the active site residues, 
while the other is formed by a side of helix A6, which is also a critical structural feature of the enzyme and will be di* 
cussed later. The other groove is relatively narrow. The p-strand B5, including the catalytic triad, is on one side of the 
shallow depression. The other side is formed by the conserved GRR sequence (Fig. 1 ) as well as the loop immediately 
prior to helix AA. This region is also in a position that is not very different from the unprimed (S) subsites in classical 
serine proteases. Strand B5 being almost parallel to this groove suggests that the substrate peptide (at least P2-P4) 
could be inserted into the groove with its main chain forming an antiparallef b-sheet with strand B5 and B6. Moreover, 
several rather exposed hydrophobic residues in the AA loop could also make important interactions with the substrate 
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protein. Of course, structural studies of enzyme-substrate analog complexes are needed for proving this model. 

Given the conservation of amino acid sequence and substrate specificity between CMV. VZV HSV-1 HSV-2 and 
other herpes proteases, the structures described herein represent that of the entire family of herpes proteases. These 
structures are clearly useful in the structure*ased design of protease inhibitors, which may be used as therapeutic 
agents against viral disease. The discovery of the herpes protease catalytic triad, and the catalytic tetrad permits the 
design of potent, highly selective protease inhibitors. 

F. Mutants and Derivatives 

The invention further provides homologues, co-complexes, mutants, derivatives and fragments of the heroes pro- 
tease crystal structure of the invention. 

The term "homologue" means a protein having at least 25% amino acid sequence identity with herpes protease or 
any functional domain of herpes protease. See. Fig. 1 . 

The term "co-complex" means herpes protease or a mutant or homologue of herpes protease in covalent or non- 
covalent association with a chemical entity or compound. 

The term "mutant" refers to a herpes protease polypeptide. i.e., a polypeptide displaying the biological activity of 
wild-type protease activity, characterized by the replacement of at least one, or more, amino acids from the wild-type 
protease sequence. Such a mutant may be prepared, for example, by expression of herpes protease cDNA previously 
altered in its coding sequence by oligonudeotide-directed mutagenesis. 

Herpes protease mutants may also be generated by site-specific incorporation of unnatural amino acids into her- 
pes protease proteins using the general biosynthefjc method of C. J. Noren et al, Science. 244:182-188 (1989). 

In this method, the codon encoding the amino add of interest in wild-type herpes protease is replaced by a "blank- 
nonsense codon. TAG. using oligonudeotide-directed mutagenesis. A suppressor tRNA directed against this codon is 
then chemically aminoacylated in vitro with the desired unnatural amino acid. The aminoacylated tRNA is then added 
to an in vitro translation system to yield a mutant herpes protease enzyme with the site-specific incorporated unnatural 
amino add. 

Selenocysteine or selenomethionine may be incorporated into wild-type or mutant herpes protease by expression 
of herpes protease-encoding cDNAs in auxotrophic £ coli strains [W. A. Hendrickson et al. EMBO.I 2(5) 1665-1 672 
(1990)1. In this method, the wild-type or mutagenized herpes protease cDNA may be expressed in a host organism on 
a growth medium depleted of either natural cysteine or methionine (or both) but enriched in selenocysteine or selenom- 
ethionine (or both). 

The term "heavy atom derivative" refers to derivatives of herpes protease produced by chemically modifying a crys- 
tal of herpes protease. In practice, a crystal is soaked in a solution containing heavy metal atom salts, or organometallic 
compounds, e.g.. lead chloride, gold thomalate. thiomersal or uranyl acetate, which can diffuse through the crystal and 
bind to the surface of the protein. The locations) of the bound heavy metal atom(s) can be determined by X-ray diffrac- 
tion analysis of the soaked crystal. This information, in turn, is used to generate the phase information used to construct 
hree^rnensional structure of the enzyme [T- L Blundell and N. L Johnson, Protein Crystalling Academic Press 
[ iy/bj. oee. Example I. 

The term "fragment", particularly as used in connection with protease fragments, refers to a protease of the inven- 
tion which contains at least the catalytic active site of the protease, but less than the full length proteasa Desirably, the 
ragment is characterized by a catalytic active site which has the same crystal structure as the active site in the'tull- 
length protease. However, a fragment of the invention is not so limited. Such a fragment may contain N-terminal, C-ter- 
mmal or internal deletions of the protease. Particularly desirable are fragments which are N-terminally truncated pro- 
teases, ft is currently anticipated that such fragments provide superior resolution or are more easily crystallized. 

II. Methods of Identifying Inhibitors of the Novel Protease Crystalline Structure 

Another aspect of this invention involves a method for identifying inhibitors of a herpes protease characterized by 
the crystal structure and novel active site described herein, and the inhibitors themselves. The novel protease crystal 
structure of the invention permits the identification of inhibitors of protease activity. Such inhibitors may bind to ail or a 
portion of the active site of the herpes protease; or even be competitive non-competitive, or uncompetitive inhibitors; or 
interfere with dimerization by binding at the interface between the two monomers. Once identified and screened for bio- 
logical activity, these inhibitors may be used therapeutically or prophylactically to block protease activity, and thus her- 
pes viral replication latency, reactivation and/or infection. 

One design approach is to probe the herpes protease crystal of the invention with molecules composed of a variety 
of different chemical entities to determine optimal sites for interaction between candidate herpes protease inhfoitors and 
the enzyme. For example, high resolution X-ray diffraction data collected from crystals soaked in or co-crystallized with 
other molecules allows the determination of where each type of solvent molecule sticks. Molecules that bind tightly to 
those sites can then be further modified and synthesized and tested for their herpes protease inhibitor activity [J. Travis, 
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Scigncg, 2§2:1374 (1993)]. 

in inVen H 0n ^° en f e8lhedev etopment of compounds that can isomeric to short-lived reaction intermediates 
in the enseal react™ of a substrate or other compound that binds to or with herpes protease. The 

ilr^° 0,13,1983 in he,P6S Pr0t6aSe duri " 9 te interacfion ^ f^SS^SSZ 

intermediates of herpes protease can also be deduced from the reaction product in cmxw^^TWdIS 

Suchirrformadorususefuitodeagn improved analogues (rfkncvm herpes proteased 

o .nh tors r^sed on the reacton intermediate 

plex Th.sprov.des a novel route for designing herpes protease inhibitors with both high specificity artf^L 

. rh^? 6 ^ 15 ' 09 * mBda J 3055 " 318 by ** inventi0n " is 10 screen ~"P"fafonally small molecule data bases for 
chem,ca entities or compounds that can bind in whole, or in part, to the herpes protease enzyme In this screenim the 
qualrtyofrt of such entities or compounds to the binding site may be judged •^*^£ZZmZSm£. 
mated interaction energy [E. C. Meng et al. J. Coma Chem lamncw. (ioq^ ^ "Pementanty orby est. 

)M5 ^ " herp f pr ° tease ™* °»WS" ^ more than one crystal form, the structure coordinates of herpes pro- 
tease, or portions thereof, as provided by this invention are particularly useful to solve the structure of those other crys- 
tal forms of herpes protease. They may also be used to solve the structure of herpes protease mutants, herpes 

t^nvT^S 6 * 83, Z ? ** CrySta,line form ° f ° mer Prot6in sisnificant «*» acid «•*««• homology 
to any functional domain of herpes protease. 

One method that may be employed for this purpose is molecular replacement. In this method, the unknown crystal 

structure, whether t is another crystal form of herpes protease, a herpes protease mutant, or a herpes pr^aTe S. 

complex, or the crystal of some other protein with significant amino add sequence homology to any functional domain 

of herpes protease, may be determined using the herpes protease structure coordinates of this invention as provided 

HLn» ; f T pr0Vide *" accurate structural tom tor *• unknown ***** more quickly and efficiently 

than attempting to determine such information ab /n/tfo. y«"owraawiuy 

Thus, the protease structure provided herein permits the screening of known molecules and/or the designing of 
new molecules which bind to the protease structure, particularly at the active site, via the use of computerized devalua- 
tion systems. For example, computer modelling systems are available in which the sequence of the protease and/or 
i^thI^ Se S ! "^I 0 ^A tomiC coordinates of CMV - VZV- HSV-2. or HSV-1 proteases and/or the atomic coordinates 
JS ^ ^ bond an9les ' dihedral an9les ' distances between m *• active site region etc as oro- 
vrfed by Figs. 1 -26), may be input Alternatively, the catalytic site domain crystal structure of a protease of the invention 
or another fragment of the protease may be input into computer readable form. Thus, for DIP-liganded HSV-2 protease 
a machine readable medium may be encoded with data representing the coordinates of Rgs. 2. 3. 8, 9 1 1 and 12- or 
Figs. 2, 3. 8, 9. 14. and 15 (Rgs. 4 and 5 may be substituted for Rgs. 2 and 3 in (he process). Similarly, for HSV-1 oro- 
tease a machine readable medium may be encoded with data representing the coordinates of Rgs. 6. 10 and 13 or 
Figs. 6. 10 and 16 (as noted Fig. 7 may be substituted for Rg. 6 in this process). For CMV protease, a machine readable 
med.um may be encoded wrth data representing the coordinates of Rgs. 17. 18 and 19; or Rgs 17 18 and 20 (Fia 21 
may be substituted for Rg 1 7 in this process). For VZV protease, a machine readable medium may be encoded with 
data representing the coord.nates of Rgs. 22. 24 and 25; or Rgs. 22. 24 and 26 (Rg. 23 may be substituted for Rg. 22 
LiK Pr0C8 ! S) " ™V C0 / n P uter 0 enerates ^ctura' details of the site into which a test compound should bind 
thereby enabling the determination of the complementary structural details of said test compound 

More particularly, the design of compounds that bind to or inhibit herpes protease according to this invention gen- 
erally involves consideration of two factors. Rrst. the compound must be capable of physically and structurally associ- 
KT? .! herotJS Protease and, particularly, with the active site thereof. Non-covalent molecular interactions 
important in the association of herpes protease with its ligands include hydrogen bonding, van der Waals and hydro- 
pnoDic interactions. 

a>«, S !l 0nd L- 9 compound must be *• <o assume a conformation that allows it to associate with herpes protease. 
Although certain i portions of the compound will not directly participate in this association with herpes protease, those 
portions may stilhnfluence the overall conformation of the molecule. This, in turn, may have a significant impact on 
P° *ncy Such conformational requirements include the overall threeKfimansional structure and orierrtationof to ST 
ical entity or compound in relation to all or a portion of the binding site. e.g.. active site or accessory binding site of her- 

^fJl 8 f S8 L 0r !! e . 8pa0,nfl between ^ncfonal V*** ot a compound comprising several chemical entities that 
directly interact with herpes protease. 

^^.I^Kr*' 31 iTi b i 0ry u l"*" 9 01 3 Chemica) com P~"d on herpes protease may be analyzed prior to its 
actual synthesis and testing by the use of computer modelling techniques, tf the theoretical structure of the given com- 
pound suggests insufficient interaction and association between it and herpes protease, synthesis and testing of the 
corr^rxns obviated. However, if computer modelling indicates a strong interaction, the molecule may then be syn- 
thesized and tested for its ability to bind to herpes protease and inhibit using a suitable assay. In this manner, synthesis 
of inoperative compounds may be avoided. nonnw. «yninssw 

An inhibitory or other binding compound of herpes protease may be computationally evaluated and designed by 
means of a sen es of steps in which chemical entities or fragments are screened and selected for their ability to assod- 
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ate with the individual binding pockets or other areas of herpes protease. 

One skilled in the art may use one of several methods to screen chemical entities or fragments for their ability to 
associate with herpes protease and more particularly with the individual binding pockets of the herpes protease active 
site or accessory binding site. This process may begin by visual inspection of, for example, the active site on the com- 
puter screen based on the herpes protease coordinates in Figs. 2, 3. 6, 8-20. 22, and 24-26. Selected fragments or 
chemical entices may then be positioned in a variety of orientations, or docked, within a binding pocket of herpes pro- 
tease. Docking may be accomplished using software such as Quanta and Sybyl. followed by energy minimization and 
molecular dynamics with standard molecular mechanics forcefields, such as CHARMM and AMBER 
• , ! P !u a '^ compu,er Programs may also assist in the process of selecting fragments or chemical entities. These 
include the GRID program available from Oxford University. Oxford, UK. [P. J. Qoodford. "A Computational Procedure 
Z??l e lTl n ! n9 Ener 9 etica "y Favorable Binding Sites on Biologically Important Macromolecules", J. Med, Ch»m 
2g:849-857 (1985)]; the MCSS program available from Molecular Simulations, Burlington. MA [A. Miranker andM Kar- 
plus. Functionality Maps of Binding Sites: A Multiple Copy Simultaneous Search Method", Proteins- Struma p.,.*.. 
^c"^"^. ^ 29 ; 3 ! 099 ^ 1 ' *" AUTODOCK program available from Scripps Research Institute. La Jolla. CA 
[D S. Goodsell and A. J. Olsen. "Automated Docking of Substrates to Proteins by Simulated Annealing" Proteins: 
Structure, Function , and Qflrwtfrs 8:195-202 (1990)]; and the DOCK program available from University of Caitomia' 
San Francisco, CA [I. D. Kuntz et al, "A Geometric Approach to Macromolecule-Ligand Interactions; J Mol. Biol ' 
161269-288 (1982)]. Additional commercially available computer databases for small molecular compounds include 
Cambridge Structural Database. Fine Chemical Database, and CONCORD database (for a review see Rusinko A. 
Chem. Pes. Autn Name fl-44-A7 fio«)] 

Once suitable chemical entities or fragments have been selected, they can be assembled into a single compound 
or inhibitor. Assembly may proceed by visual inspection of the relationship of the fragments to each other on the three- 
dimensional .mage , displayed on a computer screen in relation to the structure coordinates of herpes protease. This 
would be followed by manual model building using software such as Quanta or Sybyl. 

r pr09rams 10 aW one of sm in t"e art in connecting the individual chemical entities or fragments include the 

«1 ? r ° 9 [ am [R A - Barte,t * " CAVEAT: A Program to *» Structure-Derived Design of Biologically 

,L I? Mv 1 ^ 1 ^ Recognition in Chemical and Biotas Pmhi^ - Special Pub.. Royal Chem. Soc. 78 

ff;™ ^ f i 1 )l Which is avai,able ^ Univereit y °* California. Berkeley. CA; 3D Database systems such as 
MACCS-3D database (MDL Information Systems, San Leandro. CA) [see. e.g., Y. C. Martin, "3D Database Searching 

p rf^*^"' Sbm " 35 :2145 - 2154 ( 1992 )l: the HOOK program, available from Molecular Simulations 
bunington, MA. 

Instead of proceeding to build a herpes protease inhibitor in a step-wise fashion one fragment or chemical entity at 
a time as described above, inhibitory or other herpes protease binding compounds may be designed as a whole or "de 
now" using either an empty active site or optionally including some portion's) of a known ligandfs). Suitable methods 
describing such methods include the LUDI program [H.-J. Bohm. "The Computer Program LUDI: A New Method for the 
De Novo Design of Enzyme Inhibitors", J. Ccmp, AM, Mntflff, Pftfiion fi:61-78 (1992)]. available from B.osym Technol- 
ogies, San Diego. CA; the LEGEND program [Y. Nishibata and A. Hai. msbssiian 42:8985 (1991)], available from 
Molecular Simulates, Burlington. MA; and the LeapFrog program, available from Tripos Associates. St. Louis MO 

Other molecular modelling techniques may also be employed in accordance with this invention See e g N C 
Cohen et al, "Molecular Modeling Software and Methods for Medicinal Chemistry". J. Mart r,h»m aa-883-894 (1990)' 
See also M. A. Navia and M. A. Murcko. "The Use of Structural Information in Drug Design". Current Qpininns in Stn^i 
lUiaLBjfito 2202-210 (1992). For example, where the structures of test compounds are taown. a ^Seloffte S 
compound may be superimposed over the model of the structure of the invention. Numerous methods and techniques 
are known in the art for performing this step, any of which may be used. See. e.g., P.S. Farmer. Drug Design. Anens 
E.J., ed., Vol. 10. pp 119-143 (Academic Press. New York, 1980); U.S. Patent No. 5.331,573; US Patent No 
5.500.807; C. Verlinde, Sjnjcjuifl. 2:577-587 (1994); and I. D. Kuntz, Sciflnfifi, 22:1078-1082 (1992). The model build- 
ing techniques and computer evaluation systems described herein are not a limitation on the present invention 

Thus, using these computer evaluation systems, a large number of compounds may be quickly and easily exam- 
ined and expensive and lengthy biochemical testing avoided. Moreover, the need for actual synthesis of many com- 
pounds is effectively eliminated. 

Once identified by the modelling techniques, the protease inhibitor may be tested for bioactivity using standard 
techniques^ example, structure of the invention may be used in binding assays using conventional formats to screen 
inhibitors. Suitable assays for use herein include, but are not limited to. the enzyme-linked immunosorbent assay 
(cLISA), or a fluorescence quench assay. See. for example, the HSV-1 , HSV-2, CMV. and VZV protease activity assays 
below. Other assay formats may be used; these assay formats are not a limitation on the present invention 

In another aspect, the protease structure of the invention permits the design and identification of synthetic com- 
pounds and/or other molecules which have a shape complementary to the conformation of the protease active site of 
the inventioa Using known computer systems, the coordinates of the protease structure of the invention may be pro- 
vided in machine readable form, the test compounds designed and/or screened and their conformations superimposed 
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on the siructure of the protease of the invention. Subsequently, suitable candidates identified as above may be 
screened for the desired protease inhibitory bioactivity, stability, and the like. 

Once identified and screened for biological activity, these inhibitors may be used therapeutically or prophylacticallv 
to block protease activity, and thus, herpes viral replication. propnyiaoicaiiy 

5 >, JZZZi 4 her ^ in .*!. term " natural P roduct "»■•«*•" includes all non-synthetic products of nature and includes, but 
is nothmrted to. derives, extracts or homologs thereof, having, or containing, a bioactive component 

„ J 6 !°T 9 ^Tl 63 illU5tra,e Vari0US aspects of Ws inventioa 71,888 exam P' 8S * not limit the scope of this 
invention which is defined by the appended claims. 

'0 Example 1 : Analysis of tha St ructure of tha HSV-2 Protrasn 

The HSV-2 protease (see Fig. 1, SEQ ID NO: 4) was cloned, expressed and purified as follows: 
A. Expression, Purification and Crystallization 

HSV-2 protease was expressed in E. coli including a 19-residue addition beyond its C-terminal alanine residua 

hi D i K,w ^ Es s H MTt! (seq ,d no: i5)] - ^ »—* + v * h > ■*« hSssyssss 

the pro*,, using a Nr^-NTA chromatographic column. The construct also allows the protease to self-process by cleav- 
mg the peptide bond between the C-terminal alanine and the first added residue (Ser). thus producing a protein thai 
has the same length as the authentic protease. The protease was further purified using Superdex 75 size exclusion 
and rf necessary. Q-Sepharose anion exchange chromatography. For the DIP-liganded HSV-2 protease, dusopro- 
pyifluorophosphate inhibitor (DFP) was added to the enzyme and incubated until >98% modification. Excess inhibitor 
was removed by Sephadex Q-25 chromatography. 

The DIP-liganded HSV-2 protease was crystallized in 0.1 M NaAcctate buffer pH 5.0 and 10% PEG 4000 (50% wM 
Large crystals are approximately 0.7mm x 0.3mm x 05mm in size. The unliganded HSV-2 protease was crystallized in 
0.1 M phosphate/Citrate buffer at pH 4.5, 20% PEG 8000. The crystals were 0.3 mm x 0.2 mm X 0.2 mm In size. 

6. X-ray Diffraction Characterization 

a J*[ ^ "*? un,iganded HSV - 2 P f0leases a cr &* was mounted in a sealed glass capillary with a small 

amount of mother liquor in each end of the capillary. The CuK. x-ray. having a wavelength of 1.54 A, was generated by 
a S,emens-RU200 rotating anode machine operating at 50 KV x 95 mA electric power. The crystal was exposed to the 
cuk b x-ray. and the diffracted X-ray was collected by a Siemens multiwire area detector. The DIP-liganded HSV-2 pro- 
ease crystal diffracted to 2.5 A resolution. By registering the position and intensity of many tens of thousands of diffrac- 
tion spots using the computer program XDS. [Kabsch. W., J. Appl. Cryst.. 21 . pp. 916-924 (1988)] the crystal has been 
determined to be the orthorhombic space group n#fr with a - 71.7 A. b = 87.4 A and c a 77.3A. By established 
,"1!! ^ a " asy T etriC Unit WaS calculated ,0 . have *»o protein molecules. The crystal contains an estimated 45% sol- 
rS a M*^!!f a ?J S A 91% 1 C0,Tple,e to 25 A ^ R.yn, (S|l-<l>|£<l>) of 0.095. The unliganded HSV-2 protease 
crys a diffracted to 2.8 A resolution with cell dimensions and space group identical to the DIP-liganded HSV-2 protease 
crystal. The native data is 94% complete to 2.8 A with an Rsym of 0.095. 

C. Heavy Atom Derivative: 

Multiple isomorphous replacement (MIR) methods were used as one of the methods in order to obtain phase infor- 
mation of the diffraction data and to solve the three-dimensional atomic structure of the DIP-liganded HSV-2 protease 
Tn.s involves the identification of derivative crystals containing specifically-bound heavy metal atoms. By testing various 

S 0 6 ! nM PrCl3, 0 2mM ^ 0 SmM Qda " 0 2 mM SmCI 3 *» one to two days. The X-ray diffraction 
date of the denvative were then collected by the same methods described above. Data collection statistics for native 
and heavy atom derivatives are shown in Figure 42. Heavy atom positions were identified by difference Patterson and 
drfference Founer methods using the programs in the XtaJView software package [McRee, D.E. Practical Protein 
Crystaltography, (San Diego, Academic Press 1993J. Heavy atom refinement and determination of an initial set of 
RET cT S l "* USing *• pr09rams in * e ^ suite [^"aborative Computational Project. Number 4, The 
LCP4 Suite: Programs for Protein Crystallography Acta Crystallogr. 0S0. 760-763 (1994)]. The program MLPHARE 
•h^T' lsomor P hous Replacement and Anomalous Scattering, 80-86. Daresbury Laboratory. Warrington 
11991)] was used for heavy atom phasing. Using the initial phases obtained through the MIR methods, a map of elec- 
tron density within the crystal unit cell could be calculated. Because electrons are heavily distributed in the immediate 
vicinity of the centers of atoms, the positions of protein atoms are registered according to the electron density map The 
resulting electron density map was interpretable but the phase information from MIR was improved with more phase 
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information derived from molecular replacement. 



D. Molecular Replacement 



A molecular replacement solution of the DIP-liganded HSV-2 protease was also identified with the program XPLOR 
[Brunger, A. T. X-PLOR Version 3, 1 A System for X-ray Crystallography and NMR (New Haven, Yale University Press- 
1992)]. The model for these calculations was a subset of the crystallographic dimer structure of the homologous pro- 
tease from the VZV alpha-herpes virus (see Example 6 below). Each monomer in the search model was derived from 
a total of 1 77 amino acid residues from the VZV protease structure with the sidechains truncated to alanine. The resi- 
dues of the core secondary structure of the VZV protease were included in the model: residues 1 1 -22. 46-91 , 95-1 24 
137-183 and 189-230 of SEQ ID NO: 5. The rotation function calculation was carried out with data between 15 and 4 0 
A resolution with a maximum search vector length of 38 A. The top peak in the rotation function from this dimer model 
was 4 ; 9 s. The translation function was calculated with data between 8 and 4 A resolution. The top solution was at 9.3 
s. Rigid body refinement of the two monomers reduced the R factor to 0.48 for all data to 3.5 A. 

£ Phase Combination 



Using difference Fourier methods, phases derived from the molecular replacement solution were consistent with 
those generated from MIR. The combination of these two sets of phases using the program SIGMAA [Read, R J 
Improved Fourier Coefficients for Maps Using Phases from Partial Structures with Errors Acta Cryst, A42, 140-149 
(1986)] resulted in an overall figure of merit of 0.67. This was followed by one round of non-crystallographic symmetry 
averaging using the density modification program dm [Cowtan, K. Joint CCP4 and ESF-EACBM Newsletter on Protein 
Crystallography 31, 34-38 (1994)] resulting in an improved overall figure of merit of 0.83. Non-crystallographic symme- 
try is symmetry that exists locally within the asymmetric unit of the crystal. This information can be used to produce 
averaged electron density maps in which noise will cancel out and therefore can be used as a phase restriction to 
improve phasing. The calculated electron density map following this procedure showed side chain density, derived 
solely from the MIR phases, that was very well-defined and easily interpretable. 

E Model Building and Refinement 



The electron density allowed placement of almost all of the side chains in the original model using the program Xfit 
(McRee). Remaining effort was focused on building the missing 27% of the structure that was not part of the molecular 
replacement model. Two more rounds of density modification with the combined MIR phases allowed placement of an 
additional alpha helix, several loops and the DIP ligand in the active site. The electron density map resolution was 
extended to 2.5 A resolution using dm, more residues were added and the model refined using X-PLOR. 

When building the model, each of the amino acid residues was manually positioned in Hs electron density, allowing 
for a unique position for each atom in the DIP-liganded HSV-2 protease in which each position is defined by a unique 
set of atomic coordinates (X,Y,Z) as shown in Figure 2A-2F. Starting with these atomic coordinates, a diffraction pattern 
was calculated and compared to the experimental data. The difference between the calculated and experimentally 
determined diffraction patterns was monitored by the value of R-factors <R-factor»I||F 0 HF c i/XF 0 ) . The refinement 
(using XPLOR) of the structural model neccesitates adjustments of atomic positions to minimize the R-factor, where a 
value of about 20% is typical for a good quality protein structure. 

Cycles of model building with XTALVIEW and refinement with the computer program XPLOR produce a final model 
including 217 amino acids with 43 solvent molecules. Three segments of residues are found disordered in the crystal- 
104-110, 134-140, and the first 16 residues of the N-terminus [SEQ IDNO:4]. A total of 14605 reflections were included 
in the final refinement (10.0 - 2.5 A), giving an R-factor (HFol-IFj^FJ of 20.5%. The rms bond length is 0.016 A and 
rms bond angle is 1 .9°. The program PROCHECK[R. A. Laskowski era/.. J. Appl. Crystallogr. 26: 283-291 (1993)] was 
used to check the stereochemical and geometrical outliers in the final structure, and the result is very satisfactory. 

The statistics of structure determination arc reported in Rg. 42, where R = l| I- < | ) |/s < | > , | is the observed 
intensity and (I) is the average intensity of multiple observations; Rw, = r|FpH-F P KlFp. 
Phasing power * rms isomorphous difference/ rms residual lack of closure ; R ^ = i|FH C -FH C |/I|FH 0 | , FHo and 
FH C are the observed and calculated heavy atom structure factor amplitudes 0 for C centric° reflections; 
R-factor - S|F 0 | - 1 F C |/2F 0 . XPLOR refinement was performed according to A. F. Brunger et al, Science, 235: 458- 
460 (1987), from 10-2.5A. The number of reflections used (F>2s - 14605). the R-factor was 20.5%; the number of pro- 
tein atoms (non-H) was 3364; the number of solvent atoms was 43; the RMS bond length was 0.01 6A; and the RMS 
bond angles = 1.919°. Mean coordinate error (0.3 A) was performed according to P. V. Luzatti, Acta Cryst 5: 802-810 
(1952). MIR overall mean figure of merit (15-3.0A = 0.62A; overall figure of merit after phase combination = 0.67A; 
mean figure of merit following density modification 100-3.0A « 0.838A. 

Using the final atomic coordinates (Figs. 2A-F) one can calculate distances between a pair of atoms, angles 
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between any three atoms, and dihedral angles between any four atoms, such as listed in Rgs. 8A-X, 1 1 A-LLL and 14. 

The unliganded HSV-2 protease structure was solved using difference Fourier methods using the refined ClP-lig- 
anded HSV-2 protease structure. Since the cell dimensions and space group of the unliganded and liganded (DIP) 
structure were the same, the DIP-liganded HSV-2 protease structure could be used directly to determine the phases of 
the unliganded structure, without using heavy atom derivatives or molecular replacement. The unliganded HSV-2 pro- 
tease model coordinates could then be determined and refined as described for the DIP-liganded HSV-2 protease 
structure. Three segments of residues were disordered in the unliganded HSV-2 protease structure: 1-1 6, 104-1 12 and 
134-140 [SEQ ID NO: 4]. A total of 10127 reflections were included in the final refinement (7.0-2.8 A) giving an R-factor 
WoHFdl^Fo) 22.4%. The rms bond length is 0.017 A and rms bond angle is 2.1\ The program PROCHECK [R A. 
Laskowski et a/.. J. Appl. Crystallogr.. 26: 283-291 (1993)] as used to check the stereochemical and geometrical out- 
liers in the final structure, and the result is very satisfactory. 



Example 2: Analysis of the Structure of the HSV-1 Protease 

75 The HSV-1 protease (see Fig. 1, SEQ ID NO: 3) was cloned, expressed and purified as follows: 

A Expression, Purification and Crystallization 

HSV-1 protease was expressed and purified as described above in Example 1 for HSV-2. HSV-1 was crystallized 
20 in 45 mM Tris buffer pH 8.5, 88 mM MgCI 2 and 8.8% PEG 8000 at 4°C. 



ft X-ray Diffraction Characterization 



A HSV-1 protease crystal was subjected to X-ray diffraction using the techniques described in Example 1 above. 
The crystal diffracted to 3.5 A resolution. By registering the position and intensity of many tens of thousands diffraction 
spots using the computer program XDS [Kabsch, W. J. Appl. Cryst 21, 916-924 (1988)], the crystal has been deter- 
mined to be the orthorhombic space group P1, with a = 79.62 b = 81.18 A and c = 93.36 A, a = 115.49 p =98.36 y = 
109.18. The native data is 78.4% complete to 3.5 A with an R^ (i|MI)|/s<l>) of 0.059. By established methods, an 
asymmetric unit was calculated to have either six or eight protein molecules (three or four dimers). 

C. Molecular Replacement 



The HSV-1 protease structure was solved by the method of molecular replacement using the program AMoRe in 
the CCP4 Suite [Collaborative Computational Project Number 4 Acta Crystallogr. D50, 760-763 (1994)]. The model for 
these calculations was the entire known crystailographic dimer structure of the highly homologous protease from the 
HSV-2 alpha-herpes virus complexed with the covalentiy bound inhibitor DFP. The model was defined as residues 17- 
103, 1 11 -133, 141-247 [SEQ ID NO: 3] for each monomer with no inhibitor atoms included. The rotation function calcu- 
lation was carried out with data between 8 and 4.0 A resolution with a maximum search vector length of 31.3 A. Only 
three pairs of peaks were found with peak height greater than 0.5 (maximum peak height). The pairs of peaks reflected 
the non-crystallographic symmetry of the dimer. Using data between 8 and 4 A resolution, the translation function was 
calculated by fixing the top solution in the P1 cell and searching for a second molecule. This yielded a peak with a cor- 
relation coefficient of 41.0% and an R-factor of 38.5%. The top two solutions were then fixed to search for a third, yield- 
ing a peak of comparable height to the second solution. A search for a fourth solution showed smaller peaks of all about 
the same height. To see if there were three or four dimers in the cell a rigid body fit was run to search for four dimers 
using the top three solutions with several of the similar peaks generated in the last translation function output The fitting 
function yielded four peaks with a correlation coefficient of 45.6% and R-factor of 37.1%. Alternatively, when the top 
three dimer solutions were fit the correlation coefficient rose to 55.9% with an R-factor of 33.1%w Several other combi- 
nations of peaks were tried as controls and none yielded satisfactory results as compared to the top three peaks. A 
packing diagram was determined and visually inspected using the program Xfrt, [McRee, D.E. Practical Protein Crystal- 
lography, (San Diego, Academic Press. 1993)] showing no overlaps between symmetry related molecules. 

D. Model Placement and Refinement 



When the molecular replacement solution was placed into the P1 cell, the model was changed slightly in which res- 
idues that were different between the two sequences were truncated to alanine to reduce the bias of the HSV-2 pro- 
tease phases in the calculation of the electron density map. Unfortunately, most of the significant differences between 
HSV-1 protease and HSV-2 protease in the sequence are present in regions missing in the HSV-2 protease structure 
[N-terminus and 134-140 of SEQ ID NO: 4], so that many of the changes in the new model, limited by the 3.5 A resolu- 
tion, would not be reflected in the electron density map. As a control, to ensure that the map revealed the contributions 
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of the HSV-1 data, six phenylalanine or tyrosine residues were truncated to alanine on each monomer. Fourier coeffi- 
cients were calculated using the program SIGMAA [Read, cited above (1986)]. This was followed by phase improve- 
ment by non-crystallographic symmetry averaging using the program dm [Cowtan, cited above (1994)]. Non- 
crystallographic symmetry is symmetry that exists locally within the asymmetric unit of the crystal. This information can 
be used to produce averaged electron density maps in which noise will cancel out and therefore can be used as a phase 
restriction to improve phasing. 

The calculated electron density map following this procedure showed side chain density that reflected the HSV-1 
sequence, within the limits of the resolution, and dearly showed density for the phenylalanine and tyrosine side chains 
that were omitted from the model, indicating the electron density did reflect the contributions from the HSV-1 protease 
data. 

The residues unique to the HSV-1 protease sequence were built into the model using Xftt (McRee). When building 
and changing the model, each of the amino acid residues was manually positioned in its electron density, allowing for 
a unique position for each atom in the HSV-1 protease in which each position is defined by a unique set of atomic coor- 
dinates (X, Y, Z) as shown in Figs. 6A-B. Starting with these atomic coordinates, a diffraction pattern was calculated and 
compared to the experimental data. The difference between the calculated and experimentally determined diffraction 
patterns was monitored by the value of the R-factor (R-factor=S|F 0 |-|F c fl/SF 0 ) . The refinement of the structure was 
done by rigid body where the fit of the model could be refined by rotation and translation of the entire model. Further 
positional refinement was not possible because of lack of experimental data as compared to refinement parameters. 

The final model has 214 amino acids. Three segments of residues are found disordered in the crystal: 102-1 10, 
134-143, and the first 14 residues of the N-terminus of SEQ ID NO: 3. A total of 12346 reflections were included in the 
final refinement (10-3.5 A), giving an R-factor pJFo| - IFctfXFo)) of 36.9%. 

Using the final atomic coordinates (Fig. 6) one can calculate distances between a pair of atoms, angles between 
any three atoms, and dihedral angles between any four atoms, such as listed in Figs. 10A-B, 13A-D and 16. 

Example 3: Analysis of the Structure of the CMV Protease 

The CMV protease (see Fig. 1, SEQ ID NO: 1) was cloned, expressed and purified as fallows: 

A Expression, Purification and Crystalization 

CMV A143V protease was expressed and purified as described for HSV-2 and HSV-1. After screening against 
about a thousand cfifferent conditions, the protein was finally crystallized in 30% PEG400 at pH4. Large crystals are 
approximately 0.4mm x 0.3mm x 0.3mm in size. 

B. X-ray Diffraction Characterization 

The CMV protease crystal was subjected to x-ray diffraction using the techniques descrbed above for HSV-2 and 
HSV-1 protease crystals, with the exception that the anode machine was operated at 50 KV x 100 mA electrode power. 
The crystal diffracted to 3.0 A resolution. By registering the position and intensity of many tens of thousands diffraction 
spots using the computer program XENGEN, the crystal has been determined to be tetragonal crystal system and 
P4322 space group. The unit cell dimensions are a=b=58.7 A and c=131 .0 A. By established methods, an asymmetric 
unit was calculated to have one protein molecule. The crystal contains an estimated 40% solvent 

A higher resolution diffraction data set (2.5 A) was collected at the Cornell Synchrotron Laboratory (CHESS) A-1 
beamline using a CCD detector. The data was processed with the programs DENZO/SCALEPACK [OtwinowsW, Z. in 
Data Collection and Processing (eds Sawyer, L, Isaacs, N. Bailey, S.) 56-62, Daresbury Laboratory, Warrington 
(1 993)]. Others were collected with a Siemens muitiwire detector on a Siemens CuK t source and processed with XEN- 
GEN [A. J- Howard e/a/. ( J. Appl. Crystoi/agr. A47: 110-119 (1994)]. 

C. Heavy Atom Derivatives: 

Using the MIR methods described in Example 1 , by testing various heavy metal compounds, the useful derivatives 
were prepared by soaking the native crystals with saturated MeHgCI (at pH4 or 5), saturated Baker's Dimercury, 1mM 
U0 2 Ac2, 1 mM r^PtCU, 0.5mM LuCI 3 or SmCI 3 for one to tour days. The X-ray diffraction data of each of the derivatives 
were then collected by the same methods described above. Data collection statistics tor native and heavy atom deriv- 
atives are shown in Fig. 43. Heavy atom positions were identified by difference Patterson and difference Fourier meth- 
ods using the programs in the CCP4 suite [Collaborative Computational Project, Number 4 Acra Crystaliogr. D50, 760- 
763 (1994)]. Anomalous signals from three of the derivatives allowed the determination of the chirality of space group 
and heavy atom coordinates. Heavy atom refinement and phasing were carried out using the program M LP HARE fZ. 
OtwinowsW, cited above (1991)]. Using the initial phases obtained through the MIR methods, a map of electron density 
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within the crystal unit cell was calculated. Because electrons are heavily distributed in the immediate vicinity of the cent- 
ers of atoms, the positions of protein atoms are registered according to the electron density map. The clarity of the elec- 
tron density map was improved with the methods of solvent flattening, histogram matching and skeletonization. 

D. Model Building and Refinement 



Using the three-dimensional electron density map obtained from above experiments, the polypeptide chain of the 
Protease can be traced without ambiguity. 1 93 residues (most with side chains) were built using the 3-D computer 
graphics program XTALVIEW [McRee, D.E., cited above (1993)]. XTALVIEW was used in building models of the CMV 
protease structure. Each of these 1 93 amino acids residues was manually positioned in its electron density, allowing for 
a unique position for each atom in the CMV protease in which each position is defined by a unique set of atomic coor- 
dinates (X.YZ) as shown in Figs. 17A-E. Starting with these atomic coordinates, a diffraction pattern was calculated 
and compared to the experimental data. The difference between the calculated and experimentally determined diffrac- 
tion patterns was monitored by the value of R-factors (R- factor=ZiF 0 |-|F cB /SF 0 ) . The refinement (using XPLOR) of 
the structural model neccesitates adjustments of atomic positions to minimize the R-factor, where a value of below 20% 
is typical for a good quality protein structure and a value of higher than 20% usually indicates the need of further refine- 
ment. 

The initial model of CMV protease contains about 70% of the amino acids, having a starting R-factor of 43 8% using 
the diffraction data from 10 to 3.0 A. The computer program XPLOR was used to carry out the refinements, and the 
models were improved gradually after many iteration cycles. The R-factor was decreased to 28.3% after 200 cycles of 
positional refinement with XPLOR. The final R-factor is 18.7% the CMV protease structure. The program PROCHECK 
[R. A. Laskowski et a/., cited above (1993)] was used to check the stereochemical and geometrical outliers in the final 
structure, and the result is very satisfactory. 

The statistics of structure determination data is reported in Fig. 43, where R m , R, so , and Rc j li8 , R-factor are as 
defined in Example 1 above. R c (ano) is defined for anomalous amplitudes of non-centric reflections similar to the orig- 
lnal R cuiBa formula. As described in Example 1, XPLOR refinement was performed according to A. T. Brunger et a! 
cited above. More particularly, resolution included: 7.0-2.5A. No. reflections used (>1s):7193; R-factor: 0 185 No. pro- 
tein atoms (non-H):1$04 (202 aa); No. of solvent atoms (non-H):73; MIR as figure of merit (30-3.2A):0.70. M^an coor- 
dinates error: 0.4A; RMS bond length: 0.01 7A; RMS bond angle (2.2 degrees). Mean coordinates error was performed 
according to the SIGMAA program [R. Read, J. Appl. Crystallogr., A42: 140-149 (1986)]. 

Using the final atomic coordinates (Figs. 17A-E) one can calculate distances between a pair of atoms, angles 
between any three atoms, and cfihedral angles between any tour atoms, such as listed in Figs. 18A-C, 19A-D and 20. 

Example 4; Cloning and Expression of tha V ZV Protsasq 

The VZV protease gene was located in the complete VZV genome by homology to the protease genes from the 
HSV-1 and CMV herpes viruses. The VZV genomic sequence used for this analysis was as published by A. Davison & 
J. Scott, J. Gen. Virpl. , g7:1 759-181 6 (1986). The open reading frame for the proteasa/capsid-encoding gene (equiva- 
lent to the HSV-1 UL26 gene) was found to start at base 62,138 and stop at base 60,324 encoding 605 amino acid res- 
idues. This open reading frame had been referred to as gene 33 in the above mentioned publication. 

The 236 amino acid long protease catalytic domain [SEQ ID NO: 5] was located by identifying the R site that 
defines the carboxyl-terminal end of all known herpes virus proteases. An alignment of such known R sites is shown in 
Table I. These cleavage sites are highly conserved (as shown by underlined residues) with cleavage occurring between 
alanine and serine residues, as indicated by "*". 



TABLE I 



Protease 


R Site Sequence 


Sequence ID No: 


HSV-1 


nfc-Leu-Gin-AiaSec 


3 


HSV-2 


Hyc-Leu-Gln-AlalSfiL 


4 


CMV 


Tvr-Val-Lvs-Ala*Ser 


1 


EBV 


Tvr-Leu-Lvs-Ala*Ser 


6 


VZV 


Tvr-Leu-Gln-Ala*Ser 


5 
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A Design of VZV Protease synthetic gene 

In an effort to optimize bacterial expression of the VZV protease catalytic domain, a synthetic gene was constructed 
using codons that are found in proteins highly expressed in £ col!. In addition, a number of constructs were made with 
the goal of facilitating purification of the protein as an active enzyme. Most of the constructs were aimed at producing 
the authentic species believed to be made during viral infection. 

The synthetic gene was designed as follows: A 788 bp VZV protease gene fragment was designed with an Ncol 
restriction site at the 5' end and Xbal site at the 3' end. These restriction sites are useful for subsequent cloning of the 
gene fragment in a suitable expression vector. A unique BstE2 restriction site was introduced in the middle of the gene 
fragment without altering the amino acid sequence. This restriction site was later used to ligate the two synthetic frag- 
ments together. It was decided to construct this gene in two portions for the ease of gene synthesis. 

The 5' portion of the gene was about 370 bp long and the 3' portion was about 418 bp. 

ft Design and synthesis of oligonucleotides 

Four megaprimers (primers which are more than 100 bases long) with about 25 bp overlapping ends were 
designed using the Oligo 4.0 software from National Biosciences Inc. Care was taken to avoid mismatching of overlap- 
ping ends. All primers were synthesized on an Applied Biosystem DNA Synthesizer (Model 394) using 40 nM polysty- 
rene columns. Crude oligonucleotide primers were used to assemble the gene fragments. For each portion of the gene, 
two PCR primers containing unique restriction sites were made using the same DNA synthesizer. These oligonucl- 
eotides were referred to as 'nested primers'. 

C. Gene Synthesis 

The gene synthesis was carried out using the procedure descrfced by Rosen et ai, BioTechniaues. J(3) (1990) with 
some modifications. For each portion of the gene, two megaprimers oligonucleotides were phosphorylated using the 
standard kinase procedure [Sambrook et al. Molecular Cloning. A Laboratory Manual., 2nd edit, Cold Spring Labora- 
tory, New York (1989)]. In the first polymerase chain reaction (PCR), 0.5 to 1 ug of each of the four megaprimers were 
mixed together and the PCR was carried out using dNTPs and a mixture of Taq and Vent DNA polymerases (6:1 v/v). 
Only about 15 cycles of PCR were carried out using the PerWn Elmer PCR 9600 thermocycler (94°C for 30 seconds, 
52°C for 30 seconds, 72°C for 45 seconds). 

The product of this PCR reaction was used as a template in the second PCR reaction along with 5 f and 3* gene 
specific primers containing unique restriction sites ('nested primers'). PCR reactions was carried out for 25-30 cycles 
using similar cycle times as abova 

About 10 ul of reaction product was analyzed on a 1% agarose gel. PCR products showing a correct size band 
were then subcloned in the PCR II vector [Invitrogen, San Diego, CA]. The DNA sequence of the synthetic fragments 
was confirmed by automated DNA sequencing. 

D. VZV protease constructs 

Six constructs were prepared for the expression of the VZV protease catalytic domain and are illustrated as Figs 
45A to 45E [SEQ ID NOS: 7 through 1 1 , respectively]. Authentic VZV protease [SEQ ID NO: 5] contained a protease 
domain authentic at both amino and carboxyl termini. 

H6(N)VZV protease [SEQ ID NO: 7] contained an authentic protease domain preceded at the amino-terminus by 
six histidine residues (underlined) followed by an enterokinase cleavage site (bold, underlined). The amino-terminal 
sequence of this construct is: M GHHHHHH SSGH1 DDDDK- MAAE... 

LQA-H6(C) VZV protease [SEQ ID NO: 8] contained an authentic protease domain followed by six histidine resi- 
dues. 

LQAS-H6(C) VZV protease [SEQ ID NO: 9] contained an authentic protease domain followed by a serine residue 
and six histidine residues (underlined). 

LQAS-12aa ext H6(C) VZV protease [SEQ ID NO: 10] contains an authentic protease domain followed by a serine 
residue, 1 2 residues normally found after the LQAS R-srte (bold underlined) and six histidine residues (underlined). The 
carboxyi-terminal sequence of this construct is: ...LQAS -TGYGLARITNVN-HHHHHH. 

Defta9 LQAS- 12 aa ext H6(C) VZV protease [SEQ ID NO: 1 1] contained an authentic protease domain deleted at 
the amino-terminus (first nine natural residues removed and Cys 10 replaced by Met) and followed at the carboxyl-ter- 
minus by a serine residue, 1 2 residues normally found after the LQAS R-site (bold underlined] and six histidine residues 
(underlined). The amino-terminus of this construct is MEALYV and the carboxyi-terminal sequence of this construct 
is: . .. LQ AS-TG YG LAR1TNVN-HHH HUH 
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£ expression of VZV protease constructs 

All constructs were inserted in the £ coli expression vector pET16b (Novagen, Madison, Wl) in which the inserted 
gene is under the control of the inducible T7 promoter. The vectors were introduced in the BL21(DE3) £ coli strain 
(Novagen) by standard transformation techniques. The transformed ceils were grown to OD 650 «0.5 and then treated 
with IPTG at 10 mM to induce expression from the T7 promoter. The cells were then aerated for an additional 2 hours 
and collected by centrifugation. Cell extracts were analyzed for expression by SDS-PAGE followed by Coomassie stain- 
ing or western blot analysis using a polyclonal antibody against HSV-1 protease, called Anti-95370. 

Anti-95370 is a rabbit anti-HSV-1 protease polyclonal antiserum prepared by fusing the complete HSV1 UL26 gene 
to the C-terminus of a truncated GalK gene in the pOTSKF33 vector described in C. S. Chiang et al. Clin. Chem.. 
2£(6):946-952 (1989). The fusion protein was expressed by conventional protocols and after cell lysis, the insoluble 
fraction was gel purified using preparative SDS-PAGE. The fusion protein was electroeluted and used to immunize rab- 
bits by standard protocols. The resulting Anti-95370 antisera was shown to cross-react with the VZV protease. 

Example 5: Purification of VZV protease constructs 

No purification work was done on the authentic VZV protease construct The other constructs were purified as fol- 
lows: 

A. Purification of H§[N}NZV Protease [SEQ ID NO: 7] 

Expression of this protease construct was examined by comparing two hour inductions at 25°C and 37°C. Cells (2- 
3g) were resuspended in 50 mM Tris pH 8.0, 300 mM NaCI at a ratio of 10 ml/g cells and lysed by sonication on ice. 
Subsequent purification procedures were performed at 4*C. After centrifugation at 30,000xg, the soluble fraction was 
further purified by a one hour batch incubation with NiNTA agarose (Qiagen) followed by column chromatography with 
imidazole washes and elution. Samples were analyzed by Coomassie stained SDS-PAGE and Western blot using Anti- 
95370 polyclonal antibody described above. 

More protease was expressed at 37°C but the majority of the protease was insoluble under both conditions. The 
soluble protease appeared divided between full length and truncated (identified as C-terminal des30) forms. The major- 
ity of the product eluted at 50 mM imidazole rather than the expected 250 mM. The 50 mM eluate was 90% pure. -90% 
truncated, active against the JM82 peptide substrate (Ac-HTYLQA*SEKFKMWG; * represents the cleavage site) [SEQ 
ID NO: 16] and had the correct N-terminal sequence. The activity was attributed to full length product 

a Purification of LQA-H6(C) VZV Protease [SEQ ID NO: 8] and LQAS-H6(C) VZV Protease [SEQ ID NO: 9] 

Cells (5-1 Og) induced in shake flasks at 25°C and 37°C expressing these constructs were resuspended in 50 mM 
Tris pH 8.0, 300 mM NaCI at a ratio of 10 mi/g cells and lysed with the Avestin homogenizer (-12,000 psi). The lysate 
was centrifuged and the soluble fraction was chromatographed on NiNTA agarose. More protease eluted with 50 mM 
imidazole than with 250 mM imidazole for both constructs induced at 37°C. The majority of product eluted at 250 mM 
imidazole for LQA-H6(C) VZV protease induced at 25°C. The relative elutions were consistent in RP-HPLC. Coomassie 
and Western analyses. All products appeared to be of equivalent size. 

The products from both constructs had the predicted N-terminal (desMet). The 50 mM eluate from LQAS-H6(C) 
VZV protease [SEQ ID NO: 9] was concentrated to -0.6 mg/ml, made 10 mM DTT, 1 mM EDTA and 10% glycerol and 
incubated at 4°C. Slight activity (< 1 0% specific activity of fully processed protease) against the JM82 peptide substrate 
was detected 10 days later and confirmed after another 10 days. When the shake flask preparation was repeated and 
an additional Superdex 75 chromatography step was added, the final product still had only about 10% of the potential 
activity. Scale-up of LQAS-H6(C) VZV protease [SEQ ID NO: 9] using cells grown in a 10 liter fermentor and induced at 
OD 07 or OD 5.0 at 37°C for 1 hour was unsuccessful. 

Coomassie-stained SDS-PAGE gels indicated that lysis was successful but no protease could be detected in 
NiNTA eluates using RP-HPLC. Western blot detected the best expression with cells induced at OD 0.7 but the majority 
of the product was insoluble. The same levels of product were detected in the NiNTA agarose load and unbound for the 
10L fermented cells suggesting that product cfid not bind. Product was detected in the load from cells grown in shake 
flask but not in the unbound fraction suggesting complete capture by NiNTA agarose. The product from all samples had 
the same apparent molecular weight The reason for the failure to bind to NiNTA agarose is unknown. 

D. Purification of LQAS-12aa ext H6(C) VZV Protease [SEQ ID NO: 10] and deltaB LQAS- 12 aa ext H6(C) VZV 
Protease [SEQ ID NO: 11] 

300g of cells from LQAS-1 2aa ext H6(C) VZV protease [SEQ ID NO: 1 0] were resuspended in buffer A (50 mM Tris, 
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pH8.0, 300 mM NaCI) to a final volume of 3L and the cells were lysed with an Avestin homogenizer at -1 2,000 psi. The 
homogenate was centrifuged for 1 hour, 4°C at 14,000 rpm (30,000 g). The supernatant was collected and added to 
NiNTA agarose (Qiagen) at a ratio of 1 ml/10g cells. After incubation with rotation at 4°C for 1 hour, the resin was col- 
lected by centrifugation for 1 0 minutes at 3000 rpm. The supernatant was removed with a peristaltic pump and the resin 
was packed into a Pharmacia 2.6 cm XK column with a 25 ml pipette. The column was washed to baseline absorbance 
(0.5 mV) with buffer A at 2.5 ml/minute. After washing with 20% B (50 mM imidazole; buffer B is 50 mM Tris, pH8.0, 300 
mM NaCI, 250 mM imidazole), the protease was eluted with 100% B (250 mM imidazole). Glycerol was added to the 
250 mM eluate to 10%. DTT to 10 mM f and EDTA to 1 mM final concentrations. The sample was filtered with a STE- 
Rl VEX 0.45mm (Millipore) filter and transferred to an Amicon 50 ml stirred cell. After concentration to 5 ml, the sample 
was diluted to 50 ml with SEC buffer (25 mM HEPES, pH8.0. 50 mM NaCI, 1 mM EDTA, 5 mM DTT) and concentrated 
to <5 ml. After filtration the sample was stored overnight at 4°C. 

The sample was chromatographed on a 2.6 x 60 cm Superdex column equilibrated in SEC buffer. Protease frac- 
tions determined by absorbance at 280 nm were pooled and concentrated in a 10 ml stirred cell. Precipitate was 
removed by centrifugation and the sample was filtered (Millipore ULTRAFREE MC 0.22um). The VZV protease product 
was concentrated to 2 mg/ml and diluted with an equal volume of glycerol before storage at -20°C for protease assays. 
Alternately, protease was concentrated to -10 mg/ml for crystallography. 

The protease product from LQAS-12aa ext H6(C) VZV [SEQ ID NO: 10] was determined to be of the predicted 
mass by MALDI-MS without the N-terminai Met and with a carboxyl terminus corresponding to authentic protease (i.e., 
ending with LQA as a result of auto-processing of the 12 amino acid extension at the R site). In fact, it was determined 
that this construct, which contained a carboxy tail with a hexahistkJine tail for binding to NiNTA, following 13 additional 
amino acids after the LQA mature protein carboxy terminal amino acids, permitted the production of a properly cleaved 
carboxy terminus for the protein. The protease from delta9 LQAS- 12 aa ext H6(C) VZV [SEQ ID NO: 1 1J had the pre- 
dicted mass while retaining the N-terminal Met and also ending with LQA. Both proteases were active against the JM82 
substrate. Purified protease was a single peak on RP-HPLC and SEC and 95% pure on RP-HPLC. 

Protease from delta9 LQAS- 12 aa ext H6(C) VZV [SEQ ID NO: 1 1] was primarily prepared for crystallography (to 
eliminate structural disorder at the amino terminus) with a typical yield of 4 mg/300 g £ colt ceils. Protease from LQAS- 
12aa ext H6(C) VZV [SEQ ID NO: 10] yielded as much as 17 mg/300 g £. coli cells. 

These modified VZV protein constructs are useful in the crystallization of VZV protease as described below in 
Example 6. as well as for other biophysical structural studies of VZV proteasa The constructs are also useful in bio- 
chemical assays to identify compounds which inhibit and/or interact with VZV protease (see Examples 7 and 8 below). 

Example 6: Crystallization of the VZV Protease 

Protease from delta9 LQAS- 12 aa ext H6(C) VZV [SEQ ID NO: 11] was crystallized in 0.1 M phosphate buffer 
pH6.2 and 2.5 M NaCI. Large crystals are approximately 0.5mm x 0.2mm x 0.2mm in size. 

A X-ray Diffraction Characterization 

A VZV protease crystal was subjected to x-ray diffraction characterization, using essentially the same methods as 
described for CMV The crystal diffracted to 3.0 A resolution. By registering the position and intensity of many tens of 
thousands cfiffraction spots using the computer program XENGEN, the crystal has been determined to be the hexago- 
nal space group P6 4 22, with a=b=90.0 A and c=1 17.4 A. By established methods, an asymmetric unit was calculated 
to have one protein molecule. The crystal contains an estimated 60% solvent. The native data is 90% complete to 3 0 
A with an R^. (L|MI>[/x:<|>) of 0.07. 

B. Heavy Atom Derivative 

Single isomorphous replacement (SIR) methods were used. The useful derivatives were prepared by soaking the 
native crystals with 1mM KPt(CN) 2 for one day. Using the initial phases obtained through the SIR methods, a map of 
electron density within the crystal unit cell could be calculated. Because electrons are heavily distributed in the imme- 
diate vicinity of the centers of atoms, the positions of protein atoms are registered according to the electron density 
map. The darrty of the electron density map could be improved with the methods of solvent flattening, histogram match- 
ing and skeletonization. The derivative data is 81% complete to 4.5 A with an R^,^ of 0.14 and R^ (I|FPH-FP|/IFP 
) of 0.19. This derivative gave a phasing power of 1.2 and Rcuifis (£|FrVFH c |/E|FH 0 D of 0.79. In this case, the phase 
information from SIR is not sufficient for structure solution. 

C. Molecular Replacement 

A molecular replacement (MR) solution using XPLOR [A. Brunger et al. Science 235, 458-460 (1987)] was sue- 
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cessfully identified only after all the less conserved regions were excluded in the search model which originated from 
the CMV protease structure. The rotation solution (8.0-4.0 A) is the highest peak and is 25s above the mean and 1s 
higher than the second highest peak. Translation searches were carried out in two possible spacegroups P6a22 and 
P6 4 22, and the latter gave a better solution of 5s in peak height and 52.6% in R-fector (8.0 - 3.0 A). After rigid body 
refinement using 8.0-3.0 A data, the R-fector dropped to 50.6%. When examining the crystal packing, a tight dimer 
interface was found that corresponds to the same interface in CMV protease. Using the calculated phases from the 
molecular replacement solution, a heavy atom position was identified using difference Fourier methods that is identical 
to the one found using difference Patterson methods. This position is in the vicinity of Cys157 ( which further confirmed 
the correctness of these results. 

O. Phase Combination 

TTie crystal structure of VZV protease was determined using the combination of single isomorphous replacement 
(SIR) and molecular replacement methods. Neither the SIR map nor the MR map seemed to be interpretable. Combin- 
ing the phases from both sources, the overall figure of merit was only 0.39 and the map is still quite noisy. Fortunately, 
there is 60% of solvent in the crystal. After solvent flattening and histogram matching, the electron density map became 
very clear. 

E. Model Building and Refinement 

The polypeptide chain of the VZV protease [SEQ ID NO: 51 can be traced without ambiguity using the threeKiimen- 
sional electron desnity map obtained from the above-experiments and the methods described in Example 3 for CMV 
above, with the exception that 21 1 residues (most with side chains) were built. 

Cycles of model building with XTALVIEW program and refinement with the XPLOR computer program produce a 
final model including 21 1 amino acids without any solvent molecules. Fifteen residues are found disordered in the crys- 
tal: 127-136 and 232-236 of SEQ ID NO: 5. A total of 4903 reflections were included in the final refinement (7.0 - 3.0 
A), giving an R-factor (qFoHFj/SFJ of 22.3% without refining temperature factors. The rms bond length is 0.01 4 A and 
rms bond angle is 2.1°. His 52 and His 139 were refined as carrying a single proton at the ND1 atom. The program 
PROCHECK [R. A. Laskowski et al.. J, Appl, Crvsta"Qgr-, 2fi: 283-291 (1993)] was used to check the stereochemical 
and geometrical outliers in the final structure, and the result is very satisfactory. 

Using the final atomic coordinates (Figs. 22A-C) one can calculate distances between a pair of atoms, angles 
between any three atoms, and dihedral angles between any four atoms, such as listed in Figs. 24-26. 

EXAMPLE 7: Protease Activity Assay* 

TTie biological function of the HSV-2, HSV-1 , CMV, and VZV proteases in vivo is to specifically cleave the Ala-Ser 
peptide bonds within a large protein substrate molecule. For routine in vitro assay of the protease activity, use of a large 
protein substrate is inconvenient and very expensive. 

A HSV-2 Protease 

For HSV-2 protease, a small peptide substrate having the sequence dabsyl-DNAVEA*SSKAPLK-(dansyl-ll)-OH 
entitled FQ7 (based on VZV m site) [SEQ ID NO: 17] has been synthesized in place of large protein substrate. In the 
presence of the HSV-2 protease, the FQ7 peptide will be cleaved at the A*S peptide bond, and the product will be the 
two halves of the substrate. The peptide has been designed so that the cleaved molecules will give rise to strong fluo- 
rescence signals. 

Therefore, the enzymatic activity of HSV-2 protease can be measured quantitatively by the intensity of the fluores- 
cence signal. This is a very sensitive assay method called fluorescence quenching (FQ). For instance, see, "Principles 
of Fluorescence Spectroscopy", Lakowicz, J. R., Plenum Press, N.Y. 1983. 

In experiments conducted on the HSV-2 protease, the optimized assay conditions call for the use of 520 nM of the 
HSV-2 protease. 30% of sucrose and 0.8 M citrata In the presence of added inhtoitors, the decreased amount of activity 
also quantifies the potency of the inhibitors. 

S. HSV-1 Protease 

For HSV-1 protease, a small peptide substrate having the sequence Ac-HTYLQA*SEKFKMWX3 entitled JM82 
[SEQ ID NO: 16] has been synthesized in place of large protein substrata In the presence of the HSV-1 protease, the 
JM82 peptide will be cleaved at the A*S peptide bond, and the product will be the two halves of the substrata Activity 
was measured by quantification of the two halves of the substrate using HPLC. 
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In experiments conducted on the HSV-1 protease, the optimized assay conditions call for the use of 0.3 mg/mi of 
the HSV-1 protease, 30% of sucrose and 0.8 M citrate in a buffer of 25 mM Hepes (pH 8.0), 50 mM NaCI, 10mM DTT t 
1 mM EDTA and 1 0% Glycerol. In the presence of added inhibitors, the decreased amount of activity also quantifies the 
potency of the inhibitors. 

C. CMV Protease 

For CMV protease, a small peptide substrate having the sequence Dbs- RG WN ASS RLAKK-D NS( II) entitled FQ8 
[SEQ ID NO: 18] has been synthesized in place of large protein substrate. In the presence of the CMV protease, the 
FQ8 peptide will be cleaved at the A*S peptide bond, and the product will be the two halves of the substrate. As for HSV- 
1 and HSV-2 proteases, the peptide substrate has been designed so that the cleaved molecules will give rise to strong 
fluorescence signals. 

In experiments conducted on the CMV protease, the optimised assay conditions call for the use of 20 mM of the 
CMV protease and 30% of sucrose. In the presence of added inhibitors, the decreased amount of activity also quanti- 
fies the potency of the inhibitors. 

D. VZV Protease 

This assay was performed as described for the proteases above, making use of the FQ7 small peptide substrate. 
In experiments conducted on the VZV protease, the optimized assay conditions call for the use of 20 nM of the VZV 
protease, with buffer of 50 mM Hepes, pH8. 150 mM NaCI, 1 mM EDTA, 0.01% PEG with 0.8M citrate/30% sucrose. In 
the presence of added inhibitors, the decreased amount of activity also quantifies the potency of the inhibitors. 

Example 8: M ethod of Detecting Inhibitors 

The three dimensional atomic structure can be readily used as a template for selecting potent inhibitors. Various 
computer programs and databases are available for the purpose. A good inhibitor should at least have excellent steric 
and electrostatic complementarity to the target a fair amount of hydrophobic surface buried and sufficient conforma- 
tional rigidity to minimize entropy loss upon binding. 

There are generally several steps in employing the 3D structure as a template. 

First, a target region is defined. In defining a region to target, one can choose the active site cavity of the herpes 
protease, or any place that is essential to the protease activity. As described above, for HSV-2, HSV-1 , CMV and VZV 
proteases, the crystal structure is determined and therefore spatial and chemical properties of the target region are 
known. 

Second, a small molecule is docked onto the target using one of a variety of methods. Computer databases of 
three<iimensionai structures are available for screening millions of small molecular compounds. A negative image of 
these compounds is calculated and used to match the shape of the target cavity. The profiles of hydrogen bond donor- 
acceptor and lipophilic points of these compounds are also used to complement those of the target One skilled in the 
art can readily identify many small molecules or fragments as hits. 

Third, one may link and extend recognition fragments. Using the hits identified by above procedure, one can incor- 
porate different functional groups or small molecules into a single, larger molecule. The resulting molecule is likely to 
be more potent and have higher specificity than a single hit. It is also possible to try to improve the "seed" inhibitor by 
adding more atoms or fragments that will interact with the target protein. The originally defied target region can be 
readily expanded to allow further necessary extension. 

A limited number of promising compounds is selected via this process. The compounds are synthesized and 
assayed for their inhibitory properties. The success rate is sometimes as high as 20%, and it may still be higher with the 
rapid progresses in computing methods. 

This invention is not to be limited in scope by the specific embodiments described herein, indeed, various modifi- 
cations of th* invention in addition to those descrtoed herein will become apparent to those skilled in the art from the 
foregoing description. Such mocfifications are intended to fall within the scope of the appended claims. 

The disclosures of the patents, patent applications and publications cited herein are incorporated by reference in 
their entireties. 
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(2) INFORMATION FOR SEQ ID NO: 17: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 13 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: peptide 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 17: 

is 

Asp Asn Ala Val Glu Ala Ser Ser Lys Ala Pro Leu Lys 
1 5 10 

(2) INFORMATION FOR SEQ ID NO: 18: 

20 (i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 13 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

25 (ii) MOLECULE TYPE: peptide 



(ix) FEATURE: 

(A) NAME/KEY: Modif ied-site 

(B) LOCATION: 1 

. (D) OTHER INFORMATION: /note* "Arg at amino acid positi 

1 is modified to contain a dabsyl group" 

(ix) FEATURE: 

(A) NAME / KEY : Modif ied-si te 

(B) LOCATION: 13 

(D) OTHER INFORMATION: /note* "Lys at amino acid positi. 
13 is modified to contain a dansyl-II g..." 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 18: 

Arg Gly Val Val Asn Ala Ser Ser Arg Leu Ala Lys Lys 
15 10 
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Claims 

1 . A composition comprising a herpes virus protease in crystalline farm. 

2. The composition according to claim 1 wherein said protease has an active site cavity formed by at least the amino 
acids Ser, His and His. 

3. The composition according to claim 1 wherein said protease is a dimer. 

4. A heavy atom derivative of a herpes virus protease crystal. 

5. The composition according to claim 1 wherein said protease is selected from the group consisting of herpes sim- 
plex virus (HSV)-2 and HSV-1 and has an active site formed by the amino acids Ser 129, His 61, and His 148 cor- 



41 



EP 0 807 687 A2 

responding to SEQ ID NO: 3 and 4. 



6 ' 2^ rd, 'T t0 daim 1 Whef6in S3id pr0tSaS9 iS HSV " 2 and said active site is characterized by the 

rotates selected from the group consisting of the coordinates of Figures 2 and 3, the coordinates of Figures 8 
and 9. and the coordinates of Figures 11 and 12. figures a 

7 " 2L C 2S^^ 819 protease is HSV " 1 - and 6aid acfive Si,e ^ inc,udes 

acids Ala 131. Cys 152, Arg 156 and Arg 157 corresponding to SEQ ID NO: 3. 

8 ' ^T^TJ^J^ Claim 5 Wherei " Pr ° tease is HSV " 1 and said active site is characterized by the 
coordinates selected from the group consisting of the coordinates of Figures 6 or 7, the coordinates of Figure 10 
and the coordinates of Rgure 13. 8 ' 

9- The composition according to claim 1 wherein said protease is human cytomegalovirus protease (CMV) and has 
an active site cavtty formed by at least the amino acids Ser 132. His 64. and His 1 57 corresponding to SEQ ID NO: 

1 °' 2?£T'S n ^'"L 40 ° laim 9 ' Wher6in " a CMV pr0,ease active site isformed ^ the amino acids Ser 132. 
His 63, His 157. and Asp 65 corresponding to SEQ ID NO: 1. 

1 I h 1 e w!!T P0Siti l n a ° COrdin9 to Claim 9 ' Wherein " a CMV prolease adive site is characterized by the coordinates 
selected from the group consisting of the coordinates of Figure 17 or Figure 21, the coordinates of Figure 18 and 
the coordinates of Figure 19. 

12. The composition according to claim 1, wherein said protease is varicella zoster virus (VZV) and has an active site 
cavrty formed by at least the amino acids Ser 120, His 52, His 139, and Lys 54 corresponding to SEQ ID NO: 5. 

13 " IS SSI w!!in 0 ?'V\ Clai ?J Z n Wh f rei " S3id ^ Pr0tease active fe formed * amino adds Ser 
120. H.s 52, His 139, Lys 54, Ser 122, Cys 143, Arg 147, and Arg 148 corresponding to SEQ ID NO: 5. 

14 " Ii!S 0Si, T aCCOfdin9 to daim 1 1l Wherein ™ protease active ««• is characterized by the coordinates 
selected from the group consisting of the coordinates of Figure 22 or Figure 23, the coordinates of Rgure 24 and 
the coordinates of Figure 25. 

1 5. An isolated, properly folded herpes simplex virus (HSV) 2 protease molecule, or fragment thereof, having a confor- 
maton compr,s.ng a catalyBcally active site formed by the interaction of three amino acids Serine. Histidine and 
Histriine sad acbve site defined by the protein coordinates of figures 2 and 3. the distances between atoms of 
figures 8 and 9, and the bond angles between interresidue atoms of figures 1 1 and 12. 

16 " 1 l?^f?r 0, f i8 m0,eCUl9 accordin 9 t0 claim 15 - said molecule is a monomer characterized by a 7- 

stranded p-barrel core with seven a helices, as illustrated in figures 29A.B.C, and 31. 

17. ™e HSV-2 protease molecule according to claim 15. wherein said molecule is a dimer characterized by the dimer 
interlace of Fig.27 A.B.and C. 

18. An isolated, properly folded herpes simplex virus (HSV) 1 protease molecule, or fragment thereof, having a confer- 
nation comprising a catalytically active site formed by the interaction of three amino acids Serine, Histidine and 

25"!^"? * * pr0t8in coordinates of R 9"« 6, the distances between atoms of figure 10 

and the bond angles between interresidue atoms of figure 13. 

1 9 ' lllS^l f roteaSe m0 ' eCUle aCC0fding to c,aim 18 - *** m c'ec"'e is a monomer characterized by a 7- 

stranded p-barrel core with seven a helices, as illustrated in figures 30 A.B, and 31. 

20 " 2!i SV ^ f m °i^ Ule accordin9 to aaim 18 wherein ^ m o<ecu'« Is a dimer characterized by the dimer 
interlace of Fig.28 A f and B. 

21 . An isolated, properly folded cytomegalovirus (CMV) protease molecule, or fragment thereof, having a conformation 
comprising a catalytjcally active site formed by the interaction of three amino acids Serine. Histidine and Histidine 
said active site defined by the protein coordinates of Rgure 17. the distances between atoms of Rgure 18 and the 
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bond angles between interresidue atoms of Figure 19. 

21 i'^PT ™ le ^ a aCC0,din9 to eWm 21 ' wherein said molecule is a m ™°<™ characterized by a 7- 
stranded B-barrel core wrth seven a helices, as illustrated in Rgures 32 A, 32B, and 34. aracrerKea Dv 3 7 

23 ' 2^ P Ra e ?6 e m ° ,eCU,e aCCOrding 10 Claim 21 ' Wh6re, ' n •* m ° leCUle iS 9 dimer c ^cterized by the dimer 

M ' ^h^' Pr ° Perly fo ' d ! d VariCe " a (V2V) protease mo,ecu,e - ° r f «3ment thereof, having a confor- 

mation compnsmg a catalytically active site formed by the interaction of three arTo acids Ser ne MsMnl and 

xshet* t ned by *• pro,ein cowiinates °« R9ure 22 > *• — «^ ^ssiisss 

24, and the bond angles between interresidue atoms of Figure 25. 

2S ' SJ^S'T nTOl ^ le . a « :o,di "? to claim 24 ^ein said molecule is a monomer characterized by a 7- 
stranded p-barrel core with eight a helices, as illustrated in Rgures 33A. 33B, and 35. 

26 ' 2e e rfa^^ a 3 S 7 m ° ,eCUle * ^ * ^ m ° leCU,e ' S 3 dimef by the dimer 

^0 27. A peptide, peptidomimetic, synthetic or natural product molecule which binds with the active site cavity of a heroes 
virus protease composition, derivative or molecule of any of claims 1 to 26. P 

28. A method of identifying an inhibitor compound capable of binding to. and inhibiting the proteolytic activity of a her- 
zs pes protease, or any other protease characterized by the Ser-His-His catalytic MML •« mettS com? s?ng 
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^ 3 5 ° 0mpL 1 er pr ° 9ram information defi ™9 an active site conformation of a herpes pro- 

me. Histidine and Histdine, wherem sad program displays the three-dimensional structure thereof- 
creating a three dimensional representation of the active site cavity in said computer program- ' 
displaying and superimposing the model of said test compound on the model of said active site- 
assessing whether said test compound model fits spatially into the active site- 

SS"^ t6St COmp ° Und in 3 protease acSvit y assa y tor a Please characterized by said 

determining whether said test compound inhibits proteolytic activity in said assay. 

29 ' a^rCfo l^LTtoV. *" Pr0,8aSe fe "' 9anded " Un ' i9anded "» ^ 

40 3 °' TStJ^! 10 ^ aCCOrCllno t0 c,aim 28 ' ^^i" protease i 8 herpee simplex virus (HSV) 1 according to any of claims 

31. The method according to claim 28. wherein the protease is cytomegalovirus according to any of claims 21 to 23. 

32. The method according to claim 28. wherein the protease is varicella zoster virus according to any of claims 24 to 

33. A peptide, peptidomimetic. synthetic or natural product molecule identified by the method of claim 28. 

M ' ^"ELS 8 Cry8tal form """^"A ^"HJ the structural coordinates of herpes protease crystal or por- 
^SSSt toS0,VeaCrySta,fomi0,amUtant homo,0 » ue w c « om P'« * Protease by r^Sarr^- 

35 " ttUT? ? ^ deSi9 , n comprisin 9 ^ *• coordinates of a herpes protease crystal to computation- 

ally evaluate a chemical entity for associating with the active site of a herpes virus protease. 

36 ' IIHT 10 ? 10 daim 351 wherein Mkl enW y b a co^P^e, non-competitive or uncompetitive inhibitor 

binds to or Inhibits the proteolytic activity of a herpes virus protease. ' 

37. The method of drug design comprising using the structure coordinates of a herpes virus protease to identify an 
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intermediate in a chemical reaction between said protease and a compound which is a substrate or inhibitor of said 
protease. 

38. The method according to claims 25 or 37, wherein said structure coordinates are selected from the group consist- 
ing the coordinates of Figures 2, 3, 6, 8-20, 22 and 22-26. 

39. A method for identifying inhibitors which competitively bind to the dimeric interface of a herpes virus protease mol- 
ecule or fragment thereof, which protease is characterized by a catalytically active site formed by the interaction of 
three ammo acids Serine, Histidine and Histidine, said method comprising the steps of: 

providing the coordinates of said active site, and dimeric interface of said protease to a computerized modeling 
system; * 

identifying compounds which will bind to, or interfere with, the dimeric interface; and 
screening the compounds identified for protease inhibitory bioactivity. 



or 



20 



40. A method for identifying inhibitors which competitively bind to the active site of a herpes virus protease molecule 
fragment thereof characterized by a catalytically active site formed by the interaction of three amino acids Serine 
Histidine and Histidine, said method comprising the steps of: 

providing the coordinates of said active site of the protease to a computerized modeling system; 
identifying compounds which will bind to the structure; and 
screening the compounds identified for protease inhibitory bioactivity. 

41. The method according to claim 40, wherein the protease is liganded or unliganded herpes simplex virus (HSV1 2 
2$ according to any of claims 1 5 to 1 7. J 

42. The method according to claim 40, wherein the protease is herpes simplex virus (HSV) 1 according to any of 
Claims 18 to 20. 

so 43. The method according to claim 40. wherein the protease is cytomegalovirus (CMV) according to any of claims 21 
to 23. 

44. The method according to claim 40, wherein the protease is varicella zoster virus (VZV) according to any of claims 
24 to 26. 



35 



45. A modrfied varicella zoster virus (VZV) protease selected from the group consisting of the sequence of Fig 45A 
SEQ ID NO: 7, the sequence of Rg. 45B SEQ ID NO: 8. the sequence of Fig. 45C SEQ ID NO: 9 the sequence of 
Fig. 45D SEQ ID NO: 10, and the sequence of Fig. 45E SEQ ID NO: 1 1. 

40 46. A method of forming a crystal of VSV protease comprising crystallizing a modified VSV protease of claim 45. 

47. The method according to claim 46, wherein said VSV protease has the sequence of Rg. 45E SEQ ID NO: 11. 

48. In a bioassay for identifying Inhibitors of VSV protease, wherein said bioassay comprises the step of exposing a 
VZV protease to a candidate inhibitor, the improvement comprising using as said VSV protease a protease of claim 
45. 

49. A method for purifying a varicella zoster virus (VZV) protease with an intact mature carboxy terminal sequence of 
LQA, said method comprising purifying an authentic VZV sequence with an amino acid sequence interposed 
between said LQA terminal amino acids and a hexahistidine sequence on an NiNTA column. 

50. The method according to claim 49, wherein said VZV sequence is that of Rg. 45E SEQ ID NO: 11. 

51 . A method for purifying a cytomegalovirus (CMV) protease with an intact mature carboxy terminal sequence of LQA 
said method comprising purifying an authentic CMV sequence with an amino acid sequence interposed between 
said LQA terminal amino acids and a hexahistidine sequence on an NiNTA column. 

52. A method for purifying a herpes simplex virus (HSV) 1 protease with an intact mature carboxy terminal sequence 
of LQA, said method comprising purifying an authentic HSV1 sequence with an amino acid sequence interposed 
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between said LQA terminal amino acids and a hexahistidine sequence on an NiNTA column. 

53. A method for purifying a herpes simplex virus (HSV) 2 protease with an intact mature carboxy terminal sequence 
of LQA, said method comprising purifying an authentic HSV2 sequence with an amino acid sequence interposed 
between said LQA terminal amino acids and a hexahistidine sequence on an NiNTA column. 

54. A computer readable medium having stored thereon a model of the crystal structure of the catalytic site domain of 
a herpes protease. 

55. A protease crystal structure characterized by a catalytic site triad comprising Serine, Histidine and Histidine. 

56. The prolease crystal structure according to claim 55, wherein said structure is a truncated herpes protease. 
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Fig. 29B 
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Fig. 30A 
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Fig. 303 
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Fig. 31 
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Fig. 33A 
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Fig. 33B 
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Fig. 36A 
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Fig. 368 
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Fig. 38A 
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Fig. 388 
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Fig. 39A 
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Fig. 39B 
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Light- VZV, Dark-Trypsin 



Fig. 408 
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Fig. 41A 
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Light-CMV, Dark-VZV, RMSCA 1. 3 A 



Fig. 44 
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